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Until today, few studies have analysed genetic diversity and pathogenicity of 
Sclerotinia (clover rot) isolates from red clover crops. Clover rot remains a major 
problem in red clover crops, yet few bio-tests for Sclerotinia on red clover can be used 
in breeding programmes. Fighting clover rot is difficult and sources of resistance to 
Sclerotinia sp are not known. The aim of this PhD study is to analyse the genetic 
diversity among various Sclerotinia populations from European red clover crops. No 
such study has been done on a European scale before. New bio-tests for Sclerotinia on 
red clover were constructed to study the pathogenicity of Sclerotinia isolates, to 
identify possible sources of resistance and to acquire insight in the heritability of clover 
rot resistance. These results will provide new insights that can be valuable for 
resistance breeding and may lead to the development of new cultivars resistant to 
clover rot.  
Chapter 1 provides a detailed introduction about red clover, its use in agriculture and 
the major problems and diseases encountered in this crop. Clover rot is discussed, 
along with resistance breeding to this disease and factors that may contribute to 
resistance.  
In Chapter 2 we investigate the genetic diversity among S. trifoliorum isolates from 
various European countries using mycelial compatibility grouping (MCG) and a 
subsequent AFLP (amplified fragments length polymorphisms) study. The use of MCG 
gave an indication of genetic diversity within and between fields, while the subsequent 
AFLP allowed a detailed analysis of genetic diversity and population structure. A 
molecular species identification test was constructed to quickly discriminate between 
S. trifoliorum and S. sclerotiorum isolates.  
In Chapter 3, we describe how we optimised ascospore production for S. trifoliorum. 
Two bio-tests were constructed to inoculate red clover with Sclerotinia, using 
ascospore and mycelium inoculum. The first bio-test is a high-throughput assay in 
which young plants are inoculated and that is applicable in breeding programmes. The 
second bio-test inoculates detached leaves in vitro. This bio-test allows to perform 
more controlled, precise measurements on leaves of the same genotypes. The 
correlations between both bio-tests and between the bio-tests and field infection were 
determined.  
Chapter 4 contains an analysis of the variation in pathogenicity and morphological 
characters among a set of 30 Sclerotinia isolates from different locations. Mycelial 
growth rate, production of sclerotia and secretion of oxalate were measured. 
Pathogenicity was assessed on young plants and on detached leaves, both intact leaves 
and punctured leaves. Correlations between the morphological characters and 
pathogenicity were estimated to provide an idea on the factors contributing to 
pathogenicity in S. trifoliorum. Finally, the infection process of five isolates with 
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different aggressiveness was studied microscopically to assess whether differences in 
aggressiveness are due to different ways of infection.  
Insight in the variation in susceptibility among a diverse collection of red clover 
germplasm is provided in Chapter 5. In a field experiment, over 120 accession were  
evaluated for clover rot susceptibility by the detached leaf bio-test. Other important 
traits that might be related to clover rot resistance, such as yield, resistance to other 
diseases and branching, were scored on the field. In a greenhouse trial, each accession 
was screened with the high-throughput bio-test. The effects of ploidy, type of 
accession, growth habit, resistance to other diseases and isoflavone content on clover 
rot susceptibility were determined. Possible sources of resistance were identified.  
In Chapter 6, we report on pair crossing that were made between ramets of resistant 
and susceptible red clover plants. Each progeny population was screened in the high-
throughput bio-test with aggressive isolates and the number of major resistance genes 
is estimated through the segregation of disease scores in each progeny population. 
The possibility that clover rot resistance is maternally inherited was investigated. In the 
second part, divergent selection was applied on an experimental, diploid red clover 
population. The efficacy of the high-throughput bio-test was studied and the 
heritability of clover rot resistance was estimated.  









1.1. Red clover 
1.1.1. Botanical characteristics 
Red clover (Trifolium pratense L.) originated in Asia Minor and southeast Europe. 
People from the Middle East and Eastern Europe spread red clover through contact 
with various countries in the Old World and the New World. In the third century, red 
clover was already cultivated in Europe. The crop was recorded in Italy by 1550, in 
England by 1645 and in the USA by 1663. Because of the early spread of red clover, it 
is difficult to define a single centre of diversity for red clover. Nowadays, red clover 
has spread over many regions of the world. Different varieties have adapted 
themselves to a wide range of climates and soil conditions, from cold to temperate 
climates, coastal and inland, lowlands and mountains, but none are adapted to dry or 
hot humid climates. Red clover is best adapted to temperate climates with few 
extremes of heat and cold. Deep, well drained soils and where precipitation is well 
distributed over the year are most favourable for red clover (Boller et al., 2010; Taylor 
and Quesenberry, 1996). The optimal soil pH for red clover is between 6.6 and 7.6.  
Red clover is a dicotyledon plant that belongs to the Fabaceae (Leguminosae) family. 
The genus Trifolium contains more than 250 species, but only about 11 of them are 
used in agriculture. Within the genus Trifolium there are eight sections. Red clover is 
classified in the section Trifolium, subsection Trifolium along with two annual and one 
perennial species: T. Noricum Wulf., T. pallidum Waldst. & Kit., T. diffusum Ehrh. and T. 
mazenderanicum Rech. fil. (Taylor and Quesenberry, 1996; Zohary and Heller, 1984).  
Kingdom      Plantae – Plants 
 Division      Magnoliophyta – Flowering plants 
  Class       Magnoliopsida – Dicotyledons 
   Order     Fabales 
    Family    Fabaceae (Leguminosae) 
     Genus   Trifolium 
      Section  Trifolium 
       Subsection Trifolium 
        Species Trifolium pratense L. 
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Red clover is the only species in its section with seven chromosome pairs; all other 
members have eight chromosome pairs. Despite the different chromosome number, 
red clover can hybridise with several species: T. diffusum and T. pallidum from 
subsection Trifolium, T. rubens and T. alpestre from subsection Alpestria and T. 
medium from subsection Intermedia. Nevertheless, interspecies hybridisation often 
requires embryo rescue, seed production is always low and hybrids are often sterile 
(Phillips et al., 1992; Taylor and Quesenberry, 1996; Zohary and Heller, 1984).  
Red clover plants grow from a crown or an accumulation of basal buds located slightly 
above the soil surface. Depending on the genotype, a certain percentage of buds will 
grow out to form stems that can grow up to 80 cm high. Leaves are trifoliate and are 
alternated on the stems. They are green coloured, sparsely pubescent with short non-
glandular trichomes and have a characteristic pale V-mark that is more or less 









Figure 1.1. Diversity in expression of the V-mark among genotypes from the cultivar “Global” 
The inflorescence of red clover is a flower head consisting of up to 300 florets with a 
colour range from white to purple, with pink the most common. Flowers appear at the 
ends of the main and auxiliary stems. Double-headed inflorescences are commonly 
observed in many red clover populations. Flowering is initiated by long day length and 
the day length reaction is genetically determined. Populations and plants within 
populations vary in this regard, depending on their origin: photoperiods of only 9 
hours can already induce flowering in early varieties, while even 16 hours of daylight 
are not enough to initiate flowering in late varieties from high latitudes. In contrast to 
other forage crops such as ryegrasses, vernalisation is not required to initiate 
flowering. Pollination of red clover flowers takes place predominantly by bumblebees 
and honeybees (Taylor and Quesenberry, 1996). 
Red clover is a taprooted species: a mature taproot can reach as deep as 3 m in well 
drained soils, yet its depth depends heavily on soil density, soil humidity, growth type, 
competition for water and other factors. The taproot is usually branched, but 
adventitious roots emanating from the crown also exist. More erect plants have a 
deep taproot, while prostrate plants usually have a more fibrous root system with 
adventitious roots. Roots can form nodules with Rhizobium trifolii, allowing red clover 
crops to fix up to 389 kg N per ha per year, which is partly transferred to the soil or to 
companion grasses. Nodulation decreases when the soil pH is lower than 6 (Frame et 
al., 1998; Taylor and Smith, 1979; Taylor and Quesenberry, 1996).  
General Introduction 
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1.1.2. History of red clover 
The first use of red clover probably dates back to the ancient Greeks and Romans. Red 





centuries, nitrogen starvation of crops became increasingly acute in Europe; it became 
almost a matter of life or death. Kjaergaard (2003) suggested that the high mortality 
due to the Black Death (1347 to 1352) occurred because the European population was 
already weakened by undernourishment as a result of nitrogen-deficient agriculture. 
Red clover was introduced in Spain by the Arabs in the 15
th
 century. Spanish 
conquerors brought it to the Netherlands and at the close of the 17
th
 century, red 
clover became widespread throughout Europe. Today, red clover is used as a farming 
crop in many temperate regions of the world, including Europe, central and eastern 
Asia, America and Oceania (Julén, 1959; Kjaergaard, 2003; Taylor and Quesenberry, 
1996).  
The three-field system has been used since the middle ages in Western Europe, but 
especially in Flanders. Each farm divided its arable land into three equal parts: winter 
cereals, summer cereals and fallow land were alternated in three subsequent years. 
The fallow land was necessary to regain fertility, because the amount of produced 
manure barely sufficed to fertilise a third of the farmland. On fertilised land, two 
subsequent crops could be grown, so only two thirds of the farmland could be 
cultured. Moreover, the fallow land was necessary to control weeds and to restore 
organic matter levels in the soil after two years of cereal crops. Fallow land was 
mowed and hayed to provide forage for cattle during the winter. To meet rising 
demands for forage, farmers introduced forage crops such as rapeseed, turnips and 
beans into the fallow land by the 16
th
 century (Lindemans, 1952).  
The spread of red clover in the 17
th
 century ended the three-field system in Flanders 
and introduced a new episode in the history of Flemish agriculture. The fallow land 
was replaced by red clover crops, root crops such as turnips, and grasses. Red clover 
was traditionally sown under a cover crop, mostly rye, oat or flax. The cover crop 
promoted the development of the young clover plants and protected them from weed 
competition. Most often, red clover was often sown in flax after weeding. Because flax 
was harvested in early summer, one cut of red clover could be harvested the same 
year. Red clover provided high yields of protein rich forage that allowed cattle to be 
kept almost exclusively in the stables. As a consequence, the cattle population and 
milk production per unit increased dramatically. Moreover, the increased production 
of nitrogen rich manure, together with the nitrogen that was brought into the soil by 
the clover swards, gradually ended nitrogen-deficient agriculture in Flanders. Red 
clover became the main provider of nitrogen for cereals and made it possible to feed 
an expanding population. Red clover was the motor of intensive Flemish agriculture. 
When animal husbandry switched from common grassland to privately owned 
grassland by the end of the 17
th
 century, farmers started to keep cattle in the stables 
for longer periods and feed the forage crops harvested on the grassland, so that more 
manure could be collected from the stables. In this way, the same area of grassland 
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could feed more head of cattle. Stable feeding became widespread in the 17
th
 century, 
simultaneous with the emergence and spread of clover cultivation (Lindemans, 1952).  
The defining year for the decline of red clover was 1909, when the German chemist 
Fritz Haber developed the process of converting nitrogen and hydrogen gas into 
ammonia (McNeill, 2000). By World War II, the industrial production of nitrogen 
expanded dramatically and its use as fertiliser at a low price led to the disappearance 
of clover crops in many areas. Red clover was replaced by forage crops that are easier 
to produce under abundant nitrogen fertilisation, such as maize and ryegrasses. 
Livestock became decoupled from farmland and monocultures started to dominate 
the landscape. In western Europe, red clover became confined to organic farms and 
botanical gardens, awaiting the day when the enormous energy costs of synthetically 
produced nitrogen and its detrimental effects on the environment and climate would 
no longer be acceptable (Taylor, 2008). Today, oil prices are increasing rapidly and 
consequently drive the price of synthetic nitrogen fertiliser to increase. Moreover, the 
decoupling of livestock from farmland has rendered cattle farms dangerously 
dependent on expensive protein concentrates and imported protein-rich crops such as 
soybean. The possibility to reduce feed input costs and to decrease dependence on 
synthetic nitrogen and imported forage crops has reawakened the interest in red 
clover (Abberton et al., 2005).  
 
1.1.3. Agricultural value 
Today, red clover is cultivated in different ways, depending on the intended use: (1) as 
a pure stand in arable land, (2) together with companion grasses in arable land, and 
(3) as a renovation crop sown into an existing crop, usually a perennial pasture. In 
2007, around 6000 ha of clover crops were subsidised in Flanders, including white and 
red clover. Most clover was grown in association with companion grasses (De Vliegher, 
2008b). In western Europe, the most common use of red clover is in association with 
timothy (Phleum pratense L.) or Italian ryegrass (Lolium multiflorum L.), while 
perennial ryegrass (Lolium perenne L.) is often used in America. For seed production, 
red clover is grown in pure stands. Most red clover cultivars are adapted to mowing, 
though cultivars adapted to grazing also exist. Leys are harvested for three to four 
years in three to five cuts per year. Each year, the first cut will always be the heaviest. 
In pure stands, yields up to 15 tonnes of dry matter (DM) per hectare can be expected 
from the second year on. Harvests are often ensiled or sometimes hayed to be used as 
cattle feed. In organic farming, red clover is sometimes used as green manure (Taylor 
and Quesenberry, 1996).  
Both early, late and intermediate types of red clover exist. Early varieties, sometimes 
referred to as double cut varieties in the USA, develop early in spring and recover 
rapidly after cutting so that two growth flushes take place during one growing season 
(Frame et al., 1998; Julén, 1959). Medium and late types, called single cut varieties or 
mammoth types in the USA, start their development two to six weeks later in spring 
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and their regrowth is slower so that they only produce one growth flush and flowering 
is postponed. On the other hand, late types often have a better winter hardiness and 
are more persistent because they are able to store more reserves in the root system 
before flowering initiates (Julén, 1959; Taylor and Quesenberry, 1996).  
Red clover has several benefits compared to other forage crops. It combines a high 
yield potential without nitrogen input with a good protein content and an acceptable 
digestibility (De Vliegher et al., 1998). Red clover plants contain around 18% crude 
protein and around 80% of the total nitrogen is produced through nitrogen fixation 
(Boller and Nösberger, 1987; De Boever et al., 2009). The crude protein content of red 
clover is independent of nitrogen fertilisation and remains more or less stable during 
the growth season. Ryegrasses, on the other hand, have a similar crude protein 
content in spring, but it declines during the growth season when soil nitrogen levels 
decrease. In mixed swards, red clover can compensate for the decreasing nitrogen 
content of companion grasses during the growth season. Another benefit of red clover 
is that it often leads to a reduction in methane production in the rumen compared to 
grass and maize silage (Abberton et al., 2005; Dewhurst et al., 2009). A final benefit is 
that the digestibility of red clover declines slower than that of grasses with advancing 
maturity. Dried herbage of red clover has a digestibility between 80% at vegetative 
stage and 65% at flowering (Dewhurst et al., 2009).  
Three main factors affect digestibility and forage quality in red clover are: (1) maturity, 
(2) cutting height and (3) environmental stress. Digestibility and crude protein content 
decrease with increasing maturity as a result of increasing cell wall lignification and a 
decreasing leaf-to-stem ratio. Leaves have a higher protein content and higher 
digestibility than stems. In red clover, lignin content increases from 6.2% to 11.2% 
when stem length increases from 15 to 82 cm (Buxton and Russell, 1988; Taylor and 
Quesenberry, 1996). During growth of red clover, the digestibility declines at a rate of 
8 g per kg fresh weight and per node. In alfalfa and birdsfoot trefoil (Lotus 
corniculatus), digestibility declines more rapidly at approximately 20 g per kg fresh 
weight and per node. Red clover stems have a lower cell wall content and less 
lignification than alfalfa or birdsfoot trefoil at comparable maturity stages. Apart from 
more lignification, older plants also have less digestible non-starch polysaccharides. 
Cutting height is a second factor that affects forage quality. Higher cutting heights 
reduce overall dry matter yield, but forage quality increases as stem bases are less 
digestible and have lower crude protein than the upper plant parts. A third factor 
influencing forage quality is environmental stress: drought causes a significant 
reduction in dry matter yield, but the quality of forage produced under drought is 
usually better because of delayed maturity and altered leaf to stem ratio (Taylor and 




1.1.3.1. Red clover for silage 
In western Europe, red clover is usually fed as silage to dairy cows. Dewhurst et al. 
(2003) studied the composition of different forage silages: red clover silage (cultivar 
“Milvus”), white clover silage (cultivar “Aran”), alfalfa silage (cultivar “Vertus”), a 
mixture of perennial, hybrid and Italian ryegrass silage (cultivars “AberElan”, 
“AberComo” and “Augusta” respectively) and a silage mixture of 50% grass and 50% 
red clover. The legume crops received 85 kg P2O5 ha
-1
 and 260 (185 for white clover) 
kg K2O ha
-1
 in March. An additional applications of  56 kg K2O ha
-1
 was given in mid-
season. The ryegrass crop received 320 kg N ha
-1
, 47 kg P2O5 ha
-1
 and 47 K2O ha
-1
. 
Crops were harvested and ensiled when the growth stage was optimal for ensiling, i.e. 
before flowering initiated. The crude protein contents of the different silages were 
estimated by multiplying the total nitrogen content by 6.25. Table 1.1. shows the 
chemical composition of the different silages (Dewhurst et al., 2003).  
Table 1.1: Chemical composition of a mixture of perennial, hybrid and Italian ryegrass silage, a 
silage mixture of 50% grass and 50% red clover, red clover silage, white clover silage and 
alfalfa silage (Dewhurst et al., 2003) 
All units are given in % of DM, unless stated otherwise 
 Grass 
50% grass 






DM percentage 33.2 33.5 35.9 24.2 35.2 
Ash 7.6 8.7 8.8 10.0 8.5 
neutral detergent fibre 52.7 44.5 41.9 26.9 45.0 
Water soluble carbohydrates 7.6 4.5 1.8 1.8 1.0 
Crude protein 14.0 16.6 19.6 26.1 24.0 
Total fatty acids 1.52 1.54 1.55 2.63 1.42 
C18:3 fatty acids 0.77 0.70 0.62 1.41 0.53 
According to Dewhurst et al. (2003), dry matter contents of pure grass silage and 
legume silages are similar. Legume silage, including red clover silage contains less 
fibres, less water-soluble carbohydrates, more crude protein and often more ash than 
pure grass silage. The levels and patterns of most fatty acids are similar for grass and 
legume silages.  
De Boever et al. (2009) compared net energy value of grass-red clover silage and 
grass-white clover silage with those of an average grass silage. Table 1.2. shows the 
VEM (fodder unit milk), DVE (digestible protein in the intestine) and OEB (degradable 
protein balance) indices, three frequently used energy indices in Flanders. The DVE 




Table 1.2: Energy values for lactation (± SD): VEM (fodder unit milk), DVE (digestible protein in 
the intestine) and OEB (degradable protein balance) for grass-red clover silage, grass-white 
clover silage and perennial ryegrass silage (De Boever et al., 2009)  
 
grass white clover grass red clover perennial ryegrass 
VEM (g/kg DM) 796 ± 17 752 ± 80 890 
DVE (g/kg DM) 63 ± 10 66 ± 13 64 
OEB (g/kg DM) 38 ± 28 42 ± 22 47 
Although energy values (VEM) are lower for red clover silage than for grass silage (De 
Boever et al., 2009), red clover silage in the diet of dairy cows has important effects on 
the DM intake, the N intake and milk production (Dewhurst et al., 2003). These effects 
were studied in detail by Dewhurst et al. (2003). In their study, cows had unlimited 
access to the different forage silages in a free stall barn and were milked twice a day. 
Additionally, all cows were fed 8 kg per day of the same concentrate designed to 
balance the protein content of grass silage. Results are given in Table 1.3.  
Table 1.3. Dry matter intake, nitrogen intake and composition of milk in cows 
that have been fed different grass silage, 50/50% grass/red clover silage, 
red clover silage, white clover silage or alfalfa silage (Dewhurst et al., 2003) 
 Grass 
50% grass 






Daily DM intake (kg/d) 11.4 12.9 13.4 12.9 13.6 
DM digestibility (%) 72.0 68.7 64.9 68.7 64.0 
Digestible DM intake (kg/d) 8.2 8.9 8.7 8.9 8.7 
Number of silage meals/d 7.9 7.8 8.1 7.6 6.4 
Silage meal size (kg DM) 1.68 1.72 1.99 1.80 2.22 
N intake (g/d) 507 558 689 784 778 
N digestibility (%) 72.6 66.8 65.0 71.5 71.5 
Milk yield (kg/d) 24.9 28.6 28.1 31.5 27.7 
Milk protein (%) 3.26 3.21 3.14 3.20 3.26 
Milk fat (%) 4.45 4.60 4.52 4.39 4.42 
C18:3 0.43 0.53 0.81 0.53 0.54 
C18:3 transferred to milk (%) 3.80 4.30 7.86 3.40 5.49 
The daily dry matter intake of legume silage is higher than that of pure grass silage in 
dairy cows. This can be explained by the different cell structure of Fabaceae plants 
that allows higher fermentation rates so that legume silage rapidly breaks down into 
small particles in the rumen. Indeed, increasing portions of red clover silage in the diet 
of dairy cows increase the number of silage meals as well as the meal size. On the 
other hand, the digestibility of legume silage is lower than that of pure grass silage 
(Dewhurst et al., 2003). De Boever et al. (2009) also found that digestibility of red 
clover silage is lower than that of perennial ryegrass and maize silage. Yet the lower 
digestibility of red clover is compensated by the higher intake rates of legume silage, 
so that cows feeding on red clover silage ingest more digestible DM than cows feeding 
on ryegrass silage. Cows feeding on legume silage also ingest more nitrogen than cows 
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feeding on ryegrass silage. On the other hand, the digestibility of then nitrogen in 
grass silage is higher compared to legume silage (Dewhurst et al., 2003). Red clover 
silage in the diet of dairy cows leads to enhanced growth and higher milk yields in 
comparison with grass silage; similar effects are observed for white clover and alfalfa 
silage. Yet the effects of legume silage on the composition of milk and meat are 
limited: compared to pure grass silage, legume silage has no impact on the total fat 
and protein content of milk. When red clover silage is added to grass silage, though, 
cows secrete more poly unsaturated fatty acids (PUFAs) or C18:3 fatty acids in their 
milk and meat, compared to ryegrass silage. This effect is also seen in less extent in 
alfalfa silage but not in white clover silage (De Boever et al., 2009; Dewhurst et al., 
2003). This increase in PUFAs in milk from dairy cows fed with red clover silage is 
thanks to the polyphenol oxidase enzyme that inhibits biohydrogenation of PUFAs in 
the rumen (Van Ranst, 2009).  
 
1.1.3.2. Red clover for fresh herbage 
While in western Europe, red clover silage is often fed to dairy cows, grazing mixt 
sward with grass and red or white clover is more common for sheep. The high crude 
protein concentration, the high speed of digestion and the protection of PUFAs that 
are described above for red clover silage also apply for fresh red clover herbage. 
Fraser et al. (2004) compared the production performance of grazing lambs on red 
clover, alfalfa and perennial ryegrass swards (cultivars “Merviot”, “Luzelle” and 
“Abersilo” respectively). Lambs of 15 weeks old were allowed to graze until they were 
ripe for slaughter. Swards were grazed for 7 days before lambs were moved and 
perennial ryegrass plots received 66 kg N ha
-1
 after each grazing (Fraser et al., 2004). 
The daily weight gain, daily herbage intake, time needed until slaughter and the PUFA 
content of lambs grazing on red clover, alfalfa or perennial ryegrass swards are given 
in Table 1.4.  
Table 1.4: Daily weight gain, herbage intake, time until slaughter and PUFA content in muscles 
of lambs grazing on red clover, alfalfa or perennial ryegrass swards (Fraser et al., 2004)  
 
red clover alfalfa perennial ryegrass 
Herbage intake (kg DM/d) 2.06 1.72 1.16 
Lamb weigh gain (g/d) 305 243 184 
Time until slaughter (d) 38 50 66 
C18:3 in muscle (% of total fatty acids) 2.86 2.72 2.07 
Herbage intake and weight gain were higher in lambs grazing the red clover sward 
than in lambs grazing the alfalfa and the perennial ryegrass sward. Moreover, grazing 
legume swards increased the proportion of linoleic and linolenic acid in muscle tissue, 
so that the proportion of unsaturated to saturated fatty acids was higher for the red 
clover, alfalfa and perennial ryegrass swards respectively (Fraser et al., 2004).  
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1.1.4. Diseases in red clover 
Various pathogens can infect red clover, but the most important diseases are caused 
by fungi: Colletotrichum trifolii (southern anthracnose), Kabatiella caulivora (northern 
anthracnose), Erysiphe polygoni (powdery mildew), Uromyces trifolii (rust), 
Stemphylium saracinaformae (target leafspot), Sclerotinia trifoliorum (clover rot, 
clover cancer or Sclerotinia crown and stem rot) and Fusarium spp. (root rot) (Julén, 
1959; Öhberg et al., 2005; Taylor and Quesenberry, 1996). Seven important viral 
diseases on red clover have been identified: the bean yellow mosaic virus (BYMV), the 
peanut stunt cucumovirus (PSV), the red clover vein mosaic carlovirus (RCVMV), the 
pea streak carlovirus (PStrV), the alfalfa mosaic ilarivirus (AMV), the white clover 
mosaic potyvirus (WCMV) and the clover yellow vein potyvirus (CYVV) (Barnett and 
Diachun, 1986; Taylor and Quesenberry, 1996). Plants almost never fully recover from 
viral infections: nodulation decreases, plants lose vigour, become more susceptible to 
other stress factors and eventually die. Viruses are often spread by insect vectors such 
as aphids. Nematode diseases include root-knot nematodes (Meloidogyne sp.), root 
lesion nematodes (Pratylenchus penetrans), the clover cyst nematode (Heterodera 
trifolii) and the clover stem nematode (Ditylenchus dipsaci). Nematodes cause wilting 
and typically appear in a patch-like pattern in the field. Bacterial diseases are rare on 
red clover (Taylor and Quesenberry, 1996). Recently, phytoplasma (Phytoplasma 
trifolii) have become increasingly important in red clover (Hiruki and Wang, 2004). 
Phytoplasma are phloem-limited bacteria that cannot be cultured. They are 
transmitted by phloem-feeding insects. Symptoms are phyllody: the production of 
leaf-like structures instead of flowers, yellowing of leaves and sterility of flowers. 
Phytoplasma-infected plants hardly produce any seed, their growth slows down and 
their persistence decreases dramatically. Insect pests are important on the American 
continent, but are less important in Europe. Stem weevils (Apion sp.) can severely 
reduce seed production in Europe, but pests only occur occasionally. Aphids and other 
sucking insects occasionally cause only minor damage, but they can spread viruses and 
phytoplasma that are more destructive (Hiruki and Wang, 2004; Taylor and 
Quesenberry, 1996).  
 
1.1.5. Persistence 
Plants are said to have an open or a closed reproduction system (Taylor and 
Quesenberry, 1996). In the open system, death of plant parts does not occur 
simultaneously due to various forms of vegetative reproduction. For example, stolons 
of white clover perpetuate the plant even when the primary taproot has disappeared. 
Red clover has a closed reproduction system: no vegetative reproduction takes place 
under field conditions. As a plant ages, deterioration of the taproot takes place. 
Degradation often starts without pathogens, but later on, saprophytic and weakly 
pathogenic organisms invade the taproot and speed up its degradation. Unless 
abundant adventitious roots are formed, loss of the taproot will lead to the plants’ 
death (Taylor and Quesenberry, 1996).  
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Persistence is the ability of a plant to stay alive for multiple years without depending 
on volunteering or reseeding. Persistence is increased by adaptation to the 
environment. Because seed production in red clover does not take place when three 
or more cuts are performed during the growing season, the yield of red clover crops is 
directly dependent on the long term survivability or persistence of individual plants. 
Persistence is the result of an interaction between the adaptation of the crop and its 
stress load. With aging, degradation of the taproot begins. Well adapted plants will be 
persistent, but they eventually perish due to root rot. Poorly adapted plants are less 
persistent and are more susceptible to stress factors that weaken them and result in 
decreased persistence. In favourable environments with low stress levels, red clover 
can persist as long as five years, but in most cases the life expectancy of red clover 
plants is limited to two or three years (Nyffeler et al., 1976; Taylor and Quesenberry, 
1996) (Figure 1.2.). 
 
Figure 1.2: Primary stress factors that decrease persistence in red clover 
(Taylor and Quesenberry, 1996) 
Important stress factors for red clover are: unadapted sowing dates, unadapted 
mowing regimes, undesirable soil pH, low P and K levels in the soil, weed competition, 
cold stress and, above all, diseases. Grass - red clover pastures can be sown either in 
autumn or in spring. Spring sowing is to be preferred above autumn sowing because 
young plants are especially vulnerable to frost damage and root rot diseases that 
occur during winter. If autumn sowing is performed nonetheless, grass - red clover 
pastures should be sown no later than 15 September. Later sowing dates strongly 
increase chances of failure in severe winters (De Vliegher, 2008a). Mowing should be 
performed at a maximum of five cuts a year, but not before the first flowers appear. 
Higher cutting rates or too early cuts exhaust plants and prevent them from storing 
sufficient reserves for survival during the winter and regrowth in spring. A poor winter 
hardiness is often observed in red clover crops that have been exploited too intensely 
during the previous season. The cutting height is another important aspect: plants 
should not be cut below their lowest axillary buds, so that regrowth can resume 
quickly. The ideal mowing height is comparable with ryegrasses: between 6 and 7 cm 
(Latré et al., 2007). Diseases and in particular crown and root rot can dramatically 
decrease persistence. Crown and root rot can be caused by several fungi, but 
Sclerotinia trifoliorum Erikss. and Fusarium species are most important. Virus and 
phytoplasma infections also reduce persistence as they render clover plants more 
vulnerable to secondary pathogens (Julén, 1959; Taylor and Quesenberry, 1996).  
The life expectancy of red clover may be increased, within limits, by selection for 
greater adaptability to the environment and by selecting for resistance against crown 
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and root rot pathogens. Selection for more adventitious roots could also increase 
persistence, as adventitious roots can take over the role of the decaying taproot in 
ageing plant (Taylor and Quesenberry, 1996). Vigorous plants in the beginning of the 
fourth season indeed possess more adventitious roots than less vigorous plants 
(Montpetit and Coulman, 1991).  
 
1.1.6. Breeding methods 
Red clover has a strong gametophytic self-incompatibility and a severe inbreeding 
depression (Boller et al., 2010; Julén, 1959; Taylor and Quesenberry, 1996). Most, but 
not all genotypes can be propagated by grafting. In vitro propagation is possible for a 
limited number of genotypes (Taylor and Quesenberry, 1996). Breeding methods for 
red clover rely on open pollinated populations.  
Mass selection is the simplest breeding method for red clover. It works well when 
selecting for a small number of traits with high heritability, such as adaptation to local 
environmental conditions, disease resistance and cold tolerance. Undesirable plants 
are removed and only the best plants are allowed to pollinate each other in isolation. 
Seed can be harvested in bulk or per plant. Natural selection is the most simple form 
of mass selection (Boller et al., 2010; Julén, 1959; Mackay, 2012; Taylor, 2008).  
Family selection, also known as recurrent phenotypic selection, is more advanced than 
mass selection. Family selection trials are usually established in rows, with each row 
containing multiple plants of one family. In the first selection cycle, populations such 
as cultivars and landraces can be used instead of families. After two to three years of 
selection, only the most desirable plants out of the best families (or populations) are 
selected to pollinate each other in isolation: each plant is pollinated by various other 
desirable plants, so that new half-sib families are formed. Seeds are harvested per 
family. In the next selection cycle, a new field trial is established with rows of multiple 
plants from each family. Again, selection is performed during two to three years and 
the most desirable plants from the best families are selected for pollination in 
isolation. Each selection cycle reduces genetic variation and increases the degree of 
inbreeding. To prevent inbreeding depression, family selection is usually continued for 
no more than three selection cycles in red clover. After the last selection cycle, seed is 
harvested on the most desirable plants and families are tested in a yield trial (Figure 
1.4.). Because in family selection trials the most desirable plants pollinate each other 
before their progeny is tested, little is known about the breeding value of these plants, 
although some indication of the breeding value can be made from the performance of 
the family to which each plant belongs. For this reason, family selection is most 
effective for simply inherited traits. Yet family selection can also improve traits with 
lower heritability and the breeding goal is reached faster than with mass selection. 
Disadvantages of family selection are that performance of individually spaced plants is 
not always representative for performance in a sward (Figure 1.4.) and that some 
degree of inbreeding will take place during the breeding process. Most breeding 
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programmes, including the ILVO breeding programme (Figure 1.3.), rely on some form 
of family selection (Boller et al., 2010; Julén, 1959; Mackay 2012; Taylor, 2008).  
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Figure 1.3: Family selection with three selection cycles as used in the ILVO breeding 





Figure 1.4: Pictures of a red clover yield trial (A) and a family selection trial (B) at ILVO 
showing the discrepancy between performance in a field trial and in a spaced plant trial 
In the polycross method, plants are propagated by grafting and combinations of 
genotypes are joined for seed production. Progeny tests with the harvested seed 
indicate the most desirable combination of genotypes. Ramets of these genotypes are 
again joined for seed production, seed is harvested in bulk and the progeny is called a 
synthetic population. The optimal number of parent genotypes for a synthetic 
Year 1 The best plants 
are selected and selected 
plants produce seed in 
isolation. 
Year 2 The best plants 
are selected and selected 
plants produce seed in 
isolation. 
Year 3 The best plants 
are selected and selected 
plants produce seed in 
isolation. Selected 




population is between 4 and 10. More components result in a more stable synthetic 
candivar, but increase chances of failure in the trials for distinctiveness, uniformity and 
stability (DUS), as the synthetic candivar may not be homogeneous enough. The 
advantage of the polycross method is that desirable genotypes are progeny tested so 
that their breeding value can be accurately estimated, which also allows to select for 
traits with low heritability. Disadvantages of the polycross method are that 
propagating red clover is highly time consuming, labour intensive and not possible for 
all genotypes and that intrapopulation crossing is not prevented. Furthermore, genetic 
gains are likely to be based only on additive genetic variance. Dominance effects 
cannot be used, so that there will be no heterosis effect. The polycross method is not 
often used in red clover breeding (Boller et al., 2010; Julén, 1959; Taylor, 2008).  
Strain building is similar to the polycross method, but instead of clones, various 
populations or half-sib families are combined. During testing, populations are 
maintained separately in isolation. After testing, the most superior populations are 
combined on one field to form a synthetic population. This method is less laborious 
than the polycross method, as no cloning is required and no spaced plant trials are 
needed. Instead, the populations can be evaluated in small plots that are more 
representative for field conditions (Taylor, 2008).  
In 1939, the first tetraploid (4x = 2n = 28) red clover populations were developed 
(Julén, 1959). Tetraploid cultivars are superior in forage yield and persistence and 
generally have a higher disease resistance than their diploid ancestors. The major 
disadvantage of tetraploids is their poor seed yield. Tetraploids are less branched, so 
that they often produce less flowers per plant. Furthermore, flowers of tetraploid red 
clover plants are larger: the corolla tubes are longer so that honeybees and 
bumblebees may encounter problems reaching the nectar glands down in the corolla 
tube. As a consequence, pollination of tetraploid red clover is often poor and seed 
companies often have little interest in tetraploid cultivars (Boller et al., 2010; Rattray, 
2005; Taylor, 2008; Taylor and Quesenberry, 1996). Tetraploid red clover can be 
obtained from diploid germplasm in two ways. Most often, tetraploids are made by 
chromosome doubling: through (toxic) chemical agents such as colchicine, trifluralin, 
oryzalin or nitrous oxide gas that prevent the separation of chromosomes during 
mitotic cell division. Such tetraploids are called mitotic tetraploids. The other option 
does not require chemical agents but creates meiotic tetraploids by using unreduced 
gametes. In this case, the chromosome increase succeeds through the fusion of 
gametes, of which one is unreduced (Lamote, 1998). Lamote (1998) evaluated three 
diploid red clover cultivars for their ability to produce unreduced oocytes. Out of 90 
plants that were analysed, 20 plants formed unreduced oocytes. All diploid plants 
were crossed with a tetraploid cultivar and the progeny was analysed: rates of 
tetraploid progeny were 21%, 53% and 58% for the three cultivars (Lamote, 1998). The 
first generations of mitotic tetraploids often suffer from inbreeding depression, 
because much of the heterozygosity is lost during the chromosome doubling event. 
Meiotic polyploidisation, on the other hand, causes less inbreeding: first division 
restitution gametes allow to transfer 70 to 80% of the parental heterozygosity to the 
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progeny (Mok and Peloquin, 1975) and second division restitution gametes transfer 30 
to 40% of the parental heterozygosity (Mendiburu and Peloquin, 1977). As a 
consequence, meiotic tetraploids often display an increased vigour and higher yields 
than mitotic tetraploids (Parrot and Smith, 1984) and newly bred meiotic tetraploid 
populations require less generations of recombination to restore heterozygosity than 
mitotic tetraploids. Furthermore, meiotic polyploidisation allows to cross plants with 
different ploidy levels, so that for example a desirable trait from a diploid wild 
population can be introgressed in tetraploid cultivars. Despite the benefits, 
chromosome doubling is often preferred above meiotic polyploidisation because of its 
ease and its higher success rate (Lamote, 1998).  
Red clover breeding programmes predominantly aim for increased forage yield (DM 
yield) and seed yield. A second major breeding goal is to improve persistence and, 
closely associated with it, resistance to important diseases such as mildew and clover 
rot in western Europe. Other selection traits are winter hardiness and forage quality 
such as digestibility, crude protein content and fibre content. Forage yield depends on 
plant height, branching and regrowth after cutting. Plants with a high degree of 
branching usually yield more biomass and are more competitive. Winter hardiness 
depends on adaptation to the environment, genetic factors and diseases such as 
crown and root rot. Variation for winter hardiness is present, but selection is 
hampered by varying weather conditions between years (Taylor, 2008; Taylor and 
Quesenberry, 1996). Forage quality depends on the growth stage of the plant, on 
leafiness and on genetic factors. Leaves contain about 25% protein and 10% fibres, 
while stems contain about 15% protein and 20% fibres. Plants with a high degree of 
leafiness have a higher protein content and a higher amount of nitrogen fixation 
(Julén, 1959). Forage quality in terms of digestibility or protein content is not yet in the 
picture because the genetic variation in current cultivars is too small to allow selection 
(De Vliegher et al., 1998b).  
Until now, progress has been made in forage yield, seed production and resistance to 
some diseases (Taylor, 2008). For example resistance to powdery mildew was 
achieved through recurrent selection for resistant plants (Malengier and van 
Bockstaele, 1998). While breeding for improved adaptability has often led to greater 
insect and disease resistance, persistence and disease resistance still remain major 
problems in red clover (Taylor, 2008).  
Despite its great promise, molecular techniques have been used very little in red 
clover breeding. Transgenic techniques are not economically feasible in such a small 
crop and also marker assisted selection (MAS) is not yet widely implemented in red 
clover breeding programmes. The main reasons are the limited funding of many 
programmes and the lack of genomic tools for red clover. Moreover, the standard 
diploid genetic theory and software packages are not applicable for tetraploids (Riday, 
2011). A linkage map with simple sequence repeat (SSR) markers is now available for 
red clover and MAS starts to be applied in red clover breeding (Isobe et al., 2009; Sato 
et al., 2005). For example, paternity determination based on the inheritance of SSR 
markers has been successfully applied in family selection trials (Riday, 2011).  
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1.2. Clover rot 
Crown and root rot is one of the most destructive diseases in cool regions with high 
precipitation and/or heavy snow cover, such as western and northern Europe. Two 
species of the Sclerotinia genus, namely Sclerotinia trifoliorum and Sclerotinia 
sclerotiorum, can cause crown and root rot in red clover crops. In this case, the disease 
is called clover rot, clover cancer or Sclerotinia crown and stem rot (Boland, 1992; 
Saharan and Mehta, 2008). Yet crown and root rot can also be caused by Fusarium and 
other soil-bound secondary pathogens. In this case, the disease is called root rot. 
Symptoms of clover rot and root rot are very similar (Öhberg, 2008).  
1.2.1. Sclerotinia spp.  
The Sclerotiniaceae are a family of phytopathogenic fungi in the order Helotiales in the 
phylum Ascomycota. More than 60 names have been used to describe diseases caused 
by these pathogens, including watery soft rot, stem rot, root rot, crown rot and white 
mould. The development of sclerotia, melanised aggregates of hyphae, is a common 
feature of all members of the Sclerotiniaceae. Currently, at least 33 genera are 
recognised within the family of Sclerotiniaceae and the Sclerotinia genus is one of 
them. The massive reproduction potential along with capability for long-term survival 
make sclerotia central components in the epidemiology of Sclerotinia spp. diseases. 
Within the Sclerotinia genus only three species are considered valid: S. sclerotiorum 
(Lib.) de Bary, S. trifoliorum Erikks. and S. minor Jagger (Bolton et al., 2006). S. 
trifoliorum and S. sclerotiorum have eight chromosomes while S. minor has only four 
chromosomes (Wong and Willetts, 1979). Other species such S. nivalis, S. asari and S. 
homeocarpa are currently classified in the Sclerotinia genus, but have been shown to 
be distinct without being formally reclassified yet (Bolton et al., 2006). The majority of 
present-day Sclerotiniaceae fungi are found in temperate to subarctic areas of the 
Northern Hemisphere, where they are believed to have originated. In such areas 
winters are long, cool and wet, with snow and ice covers in certain areas. Summers are 
usually mild to cool, of limited duration and have long day lengths and regular rainfall 
that often result in extended periods of high relative humidity (Bolton et al., 2006; 
Willetts, 1997). S. trifoliorum, S. sclerotiorum and S. minor are all necrothrophic fungi 
that can be easily cultured on various culture media (Wong and Willetts, 1979).  
 
1.2.1.1. Sclerotinia trifoliorum Erikks. 
S. trifoliorum attacks predominantly Fabaceae crops, including alfalfa, faba beans, 
trefoil species, soybean and clover species and is more common on red clover than S. 
sclerotiorum (Delclos et al., 1997; Vaverka et al. 2003). The first reported case of clover 
rot in red clover dates back to 1849 in Britain (Lawes and Gilbert, 1880). In the mid 
1870s, the disease was reported in Germany and Denmark and the causal agent was 
identified as Peziza ciborioides (Eriksson, 1880). Eriksson (1880) transferred the fungus 
into to the genus Sclerotinia and renamed it Sclerotinia trifoliorum Erikks.  
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S. trifoliorum infects red clover plants through ascospores: 4-6 x 9-14 µm in size. 
Ascospores are produced in apothecia or fruiting bodies: brownish, beaker-shaped 
mushrooms of a few cm in size. Each apothecium contains numerous asci or spore 
sacs that each contain eight ascospores. In autumn, apothecia appear that release 
ascospores in the air. Ascospores infect red clover leaves and dark spots appear at the 
spots of penetration (Figure 1.5.).  
 
Figure 1.5: Red clover leaf showing spots where ascospores of S. trifoliorum have 
penetrated (indicated with arrow). Apothecia of S. trifoliorum are present on the 
soil surface below the leaf. Picture taken in October in a red clover field.  
Later in autumn, infected leaves turn greyish-brown and become covered with white 
mycelium. During winter, frost damage weakens the plants and allows the pathogen 
to colonise the plants. By the end of the winter, S. trifoliorum can colonise the entire 
plant and destroy its taproot, leading to the plant’s death. Mycelium can also spread 
from plant to plant when there is physical contact so that patches of dead plants are 
often seen in spring. The development of clover rot is highly dependent on favourable 
weather conditions. In order to successfully infect leaves, ascospores require several 
days of humid weather. Colonisation of the plant is most successful when winters are 
humid and not too cold, or when plants are covered by snow. Harsh and dry winters 
inhibit mycelial growth and prevent the disease from spreading. Heavy infections are 
often seen after a humid autumn followed by an overall warm winter with short 
periods of frost or after a winter with prolonged periods of heavy snow cover (Raynal 
et al., 1991).  
In the later stages of infection, mycelium accumulates in clumps through intensive 
branching. Melanin is produced in the outer layer and the clumps become black and 
round shaped. These clumps or sclerotia, usually between 1 and 10 mm in size, are 
often present in or near rotten taproots, a few centimetres below the soil surface. 
Sclerotia are resting bodies that can survive up to seven years in the soil (Raynal et al., 
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1991). Sclerotia also form abundantly in vitro on solid culture media. In a process 
called myceliogenic germination, mycelium grow out of sclerotia in nutrient-rich 
conditions. In autumn, when environmental conditions are adequate, carpogenic 
germination takes place and sclerotia will develop apothecia. Sclerotia are subjected 
to a dormancy that prevents them from producing apothecia right away. Dormancy is 
broken in summer by prolonged periods of warm, humid weather and low nutritional 
conditions. In early autumn, when temperature drops and relative humidity increases, 
sclerotia with a broken dormancy are induced to form apothecia. Depending on its size 
and its depth in the soil, a single sclerotium can form up to ten apothecia. Apothecia 
can produce up to a million ascospores per day during a three to four week period 
(Delclos and Raynal, 1995; Williams and Western, 1965). The life cycle of S. trifoliorum 
on red clover is shown in Figure 1.6.  
 
Figure 1.6: Life cycle of Sclerotinia trifoliorum on red clover in the field (Öhberg, 2008) 
Ascospores germinate when brought in moist conditions, for example on the surface 
of a red clover leaf on a humid autumn day. During germination, an infection hypha 
grows out of the ascospore. Germination of ascospores does not need external 
nutrients, but growth of the infection hypha requires external nutrients on the surface 
of the leaf. The infection hypha can infect the leaf through direct penetration with 
appressoria, through small wounds caused by wind shearing or herbivores, or through 
open stomata (Öhberg, 2008).  
Various studies have been carried out in red clover to identify plants with good 
resistance against S. trifoliorum. Marum et al. (1994) found little variation in resistance 
level among seven red clover populations after inoculation with ascospores and 
mycelium fragments. Öhberg et al. (2008) inoculated plants with ascospores and 
mycelium grain inoculum and found similar results. Delclos and Duc (1996) screened 
four cultivars for resistance with a bio-test on young plants, followed by a bio-test on 
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detached leaves and observed differences in resistance. Vaverka et al. (2003) scored 
22 diploid and tetraploid cultivars for clover rot resistance on a scale from 1 to 5. Most 
cultivars had score 3 or 4, but the cultivar “Vanessa” (4n) had score 1 and was called 
resistant. Dabkeviènë and Dabkevièius (2005) compared the susceptibility of wild 
populations to clover rot by inoculating plants with mycelium fragments. They found 
15 wild populations with moderate resistance (36.6% death rate) and 1 population 
with elevated resistance (2.4% death rate). Also in other crops, resistance against S. 
trifoliorum has been studied. Lithourgidis et al. (2004) inoculated faba bean plants 
(Vicia faba) with carrot root pieces colonised by S. trifoliorum mycelial. They found 
significant variability in resistance among cultivars and among populations. In alfalfa 
(Medicago sativa), resistance against S. trifoliorum was studied in plants from the 
cultivar “Delta”. Tips of intact or excised stems were inoculated with mycelial plugs 
and the extent of necrosis was measured after two weeks. Significant differences in 
resistance were found (Pratt and Rowe, 1994). Njambere et al. (2009) studied the 
population structure of S. trifoliorum isolates from chickpea (Cicer arietinum) in the 
USA.  
 
1.2.1.2. Sclerotinia sclerotiorum (Lib.) de Bary 
S. sclerotiorum can cause clover rot in red clover (Boland, 1992) as well as white mould 
diseases in numerous other crops. The economically most important problems are 
seen in sunflower, soybean, oilseed rape, faba beans, chickpea, peanut and various 
vegetable crops such as lettuce and celery (Bolton et al., 2006; Pratt and Rowe, 1994; 
Saharan and Mehta, 2008). S. sclerotiorum was first described in 1837 as Peziza 
sclerotiorum (Libert, 1837). In 1870, the species was transferred to a new genus 
Sclerotinia and renamed Sclerotinia libertania Fuckel. In 1979, the pathogen was 
renamed Sclerotinia sclerotiorum (Lib.) de Bary by Purdy (1979), now in use.  
Most diseases caused by S. sclerotiorum are initiated by ascospores. Unlike in S. 
trifoliorum, apothecia of S. sclerotiorum appear in spring (Bolton et al., 2006). Details 
of the disease cycle from S. sclerotiorum are not established on Fabaceae crops, but 
symptoms are identical to those caused by S. trifoliorum (Pratt and Rowe, 1994; 
Saharan and Mehta, 2008). The conditions in which carpogenic germination takes 
place depend predominantly on the origin of the isolate. In temperate zones, 
conditioning appears to be a combination of wetting and drying events, low 
temperatures and time. Isolates from cool climatic regions will germinate more readily 
than isolates from lower latitudes (Bolton et al., 2006). Clarkson et al. (2003) 
investigated ascospore release and survival in S. sclerotiorum. They stated that 
carpogenic germination was induced by cold temperatures (10°C) followed by a 
prolonged period of cool, moist conditions (15 to 20°C).  
The viability of sclerotia in the soil has been studied in S. sclerotiorum: the viability is 
influenced by soil conditions such as water saturation, soil temperature and the 
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presence of sclerotia-degrading organisms such as Coniothyrium minitans and 
Trichoderma harzianum (Dillon Weston et al., 1946; Williams and Western, 1965).  
Although, to our knowledge, no previous studies have investigated resistance against 
S. sclerotiorum in red clover, S. sclerotiorum has been studied in other crops. In alfalfa, 
pathogenicity of S. trifoliorum and S. sclerotiorum have been compared: alfalfa 
cultivars differed significantly in susceptibility and responses to both pathogens were 
similar (Pratt and Rowe, 1995). In soybean, 43 cultivars were evaluated for resistance 
to S. sclerotiorum by artificial inoculations with mycelium fragments: cultivars differed 
significantly in susceptibility (Boland and Hall, 1986). Also in sunflower, bio-tests have 
been developed to select for resistant plants (Hahn, 2002; Rouya et al., 2013). In 
rapeseed (Brassica napus) no sources of resistance against S. sclerotiorum are found, 
but resistance was present in the ancestor species Brassica oleracea cytodeme. Ding et 
al. (2013) showed that resynthesized lines of B. napus derived from B. oleracea had 
increased resistance against S. sclerotiorum and can be used in rapeseed resistance 
breeding (Ding et al., 2013).  
 
1.2.2. Differences between S. trifoliorum and S. sclerotiorum  
S. trifoliorum and S. sclerotiorum differ in a number of aspects. First of all, the host 
range of S. sclerotiorum is much larger than that of S. trifoliorum. While S. trifoliorum 
has a host range limited to Fabaceae crops, S. sclerotiorum is an ubiquitous pathogen 
with a host range of over 400 species of plants worldwide, including various vegetable, 
oilseed and ornamental crops and numerous weeds (Saharan and Mehta, 2008). Willis 
(1968) stated that the narrower host range implies that S. trifoliorum is more selective 
in its nutritional requirements than S. sclerotiorum.  
S. trifoliorum and S. sclerotiorum have been compared in vitro by various authors and 
numerous differences were found (Willetts and Wong, 1980). For S. trifoliorum, the 
temperature optimum for mycelial growth is between 15°C and 20°C, while S. 
sclerotiorum has a higher temperature optimum between 20°C and 25°C (Willetts and 
Wong, 1980). Keay (1939) stated that S. sclerotiorum produced more mycelium than S. 
trifoliorum on solid culture media. In mycelial compatibility interactions (see 2.2.1.), S. 
trifoliorum isolates are always the predating on S. sclerotiorum isolates (Willetts and 
Wong, 1980).  
Sexual reproduction in S. trifoliorum and S. sclerotiorum is partly the same, but differs 
in a few aspects. Both Sclerotinia species are monoploid organisms (x = n) that 
propagate through mycelium growth and sexually through ascospores. During 
propagation only mitotic divisions take place, so that mycelium and sclerotia are 
always monoploid. Sexual reproduction involves the production of ascospores and 
succeeds as follows. Mycelium (n) produces large amounts of microconidia (n) that 
function as spermatia. In mature cultures, sclerotia form and on their surface, 
ascogonia (n) or oocytes are present. Ascogonia (n) can be fertilised by microconidia 
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(n) to form zygotes (2n). When the dormancy of sclerotia is broken and apothecia 
formation is induced, zygotes divide mitotically to form apothecia (2n) on the surface 
of their sclerotium. In other words, Sclerotinia spp. apothecia are always diploid. 
Apothecia contain numerous asci or spore sacs where eight monoploid ascospores (n) 
are produced through meiosis. The only differences between S. trifoliorum and S. 
sclerotiorum concerning apothecia formation are the conditions to break the 
dormancy and to induce apothecia, and the size and colour of apothecia. Compared to 
S. trifoliorum, apothecia of S. sclerotiorum are more flat and more yellow-coloured 
(Uhm and Fuji, 1983).  
The most important difference between S. trifoliorum and S. sclerotiorum concerning 
sexual reproduction is that S. sclerotiorum is homothallic while S. trifoliorum is a 
heterothallic fungus with mating type mutation. S. sclerotiorum and S. minor are 
homothallic fungi: they contain only one mating type, each isolate can fertilise one 
another and self-fertilisation is possible for all isolates. All eight ascospores in each 
ascus have the same mating type and are identical in size and shape. S. trifoliorum, on 
the other hand, is heterothallic and harbours a fertile (F) and a sterile (S) mating type. 
Moreover, (F) mating types can undergo mating type mutation into (S) mating types. 
Both mating types are infectious, exhibit mycelial growth and produce microconidia. 
(S) ascogonia can be fertilised by (F) microconidia and (F) ascogonia can be fertilised 
by (S) microconidia so that (FS) zygotes are formed. Yet (F) individuals are able to 
undergo mating type mutation into the (S) mating type, allowing them to perform self-
fertilisation in the absence of (S) mating types. In other words, when two (F) gametes 
fertilise each other, one of them will mutate to the (S) mating type, so that again (FS) 
zygotes are formed. The (S) mating type can only reproduce sexually through sexual 
contact with an (F) individual. In any case, all zygotes in S. trifoliorum are (FS) and will 
form four (S) and four (F) spores in each ascus after meiotic division. (S) spores are 
slightly smaller in size than (F) spores, so that asci of S. trifoliorum have a subtle 4:4 
segregation of large (F) ascospores and small (S) ascospores. This feature is not seen in 
S. sclerotiorum and S. minor (Uhm and Fuji, 1983). 
Recently, extensive genomic research has been done in S. sclerotiorum and its genome 
sequences are now available. Qiu et al. (2011) compared the transcriptomes of S. 
trifoliorum and S. sclerotiorum. Total transcripts of both species were extracted and 
sequenced during vegetative growth. About 80% of the unique transcripts of both 
species were found in the S. sclerotiorum genome database and 60% of the transcripts 
were found between the two species. A total of 28 contigs (transcripts with more than 
one read) of S. trifoliorum were not found in the S. sclerotiorum genome database. 
Different expression patterns were found in genes involved in pathogenesis such as 





1.2.3. Root rot  
Various soil-borne plant pathogenic fungi cause root rot, also Fusarium root rot, a 
disease with similar symptoms to clover rot. Fusarium spp., with F. avenaceum, F. 
culmorum and F. graminearum the most prevalent ones, along with Cylindrocarpon 
destructans and Phoma spp. are the most important root rot pathogens. Root rot fungi 
are often secondary pathogens that cause damage to plants that are already 
weakened or injured by other stress factors. Root rot most frequently occurs in the 
primary and secondary roots located 5 to 7 cm below the crown. In the early stages of 
infection, the symptoms are limited to lesions and discolouration of only the cortical 
region, but as infection progresses the internal vascular cylinder is damaged and finally 
destroyed. While clover rot usually develops during the winter, root rot can cause 
disease throughout the growing season. In northern and western Europe, root rot is 
primarily considered a winter disease because the damage is usually the greatest in 
spring, when plants have been weakened by winter stress. Nevertheless, root rot can 
also cause considerable plant death during damp and cold conditions occurring 
throughout the growing season. Root rot kills plants in all stages of development, but 
susceptibility to root rot increases with plant age. The damping-off form of root rot 
may cause severe damage to seedlings, while root rot in older plants gradually reduces 
the proportion of red clover plants in the field (Ylimäki, 1967; Yli-Matilla et al., 2010).  
 
1.2.4. Resistance breeding against clover rot  
Plant breeding plays an important role in controlling clover rot. Frandsen (1946) 
showed that resistance to clover rot could be increased considerably through selection 
in naturally infected fields. Consequently, much of the early breeding for increased 
disease resistance was based on selection in infected fields. Apart from selection in 
naturally infected fields, artificial mycelium inoculation has a long tradition in red 
clover breeding. Various laboratory methods have been developed for inoculation 
with mycelium fragments. Dijkstra (1964) was among the first to experiment with 
ascospore production in vitro. He concluded that raising apothecia in vitro on a large 
scale was possible and that captured ascospores could be used to inoculate red clover 
plants. Marum et al. (1994) developed a protocol for inoculation of red clover plants 
with ascospores. Although resistance of red clover to clover rot has improved 
considerably, progress is slow. Some modern European cultivars are less susceptible to 
S. trifoliorum, but no completely resistant cultivars are available (Taylor, 2008; Taylor 
and Quesenberry, 1996). One possible reason for the poor results of resistance 
breeding is that one selects mostly within a restricted gene pool of cultivar 
germplasm. Wild accessions might contain valuable resistance genes, but the 
introduction of wild material into breeding material often decreases the yield 
potential of the resulting population. Another reason is that screening in naturally 
infected fields is probably an unreliable tool to improve resistance, especially in 
selection trials with spaced plants: healthy plants are not necessarily resistant, since 
they are often uninfected. Diseased plants, on the other hand, are not necessarily 
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infected with Sclerotinia spp., as frost damage and root rot result in similar symptoms. 
Moreover, because most selection trials are only maintained during one or two 
winters, clover rot does not always occur naturally in every trial (Taylor and 
Quesenberry, 1996).  
 
1.2.5. Other control strategies for clover rot 
The best control strategy for clover rot is prevention. Crop rotation and spring sowing 
are the most effective prevention measures. Autumn sowing increases the risk of 
clover rot as young plants, weakened by winter stress, are more vulnerable than 
spring sown crops.  
Control measures include deep ploughing, so that sclerotia are buried deep in the soil 
where they cannot form apothecia due to a lack of daylight. A new crop then has to be 
established, which brings extra costs for seeding. Fungicides such as benomyl and 
carbendazim can prevent clover rot if applied twice in late autumn, when the primary 
infection is ongoing, but when no damage is visible yet (Raynal, 1989). Treatments in 
later stages of the infection can no longer prevent clover rot anymore. Unfortunately, 
fungicide treatments are too expensive to be used in red clover and in many countries, 
including Belgium, no fungicides are registered for use in red clover (Onderzoek- en 
voorlichtingscentrum voor land- en tuinbouw, 2010; Raynal, 1989; Raynal et al., 1991). 
Recently, a bio-control agent Contans® WG is available against S. sclerotiorum and S. 
minor diseases. Contans® WG contains spores of Coniothyrium minitans, an obligate 
parasitic fungus that attacks sclerotia of Sclerotinia sp. in the soil. Although Contans® 
WG is not registered for clover rot, C. minitans is naturally present in some fields on 
sclerotia of S. trifoliorum and it can destroy its sclerotia under certain conditions 
(Öhberg, 2008; Tribe, 2012). Öhberg (2008) demonstrated that Contans® WG can 
reduce damage by clover rot in red clover, yet only if applied preventively for two or 





1.3. Factors possibly contributing to resistance to Sclerotinia 
1.3.1. Prostrate growth habitat 
It has been suggested that prostrate (or creeping), pseudo-stolon forming varieties of 
red clover have a better resistance against S. trifoliorum. Their growth habit would 
allow a quick recovery in ground cover after infection (Taylor and Quesenberry, 1996). 
The New Zealand cultivars “Crossway” and “Broadway” have a prostrate growth habit 
and are especially persistent under grazing conditions. In this thesis, we will also 
evaluate if these pseudo-stolon forming cultivars indeed have an increased resistance 
to S. trifoliorum.  
 
1.3.2. Phytoalexins 
Antimicrobial compounds from plants are classified in two categories: phytoanticipins 
and phytoalexins. Phytoanticipins are present in plants before challenge by micro-
organisms. Phytoalexins accumulate in plants after exposure to micro-organisms or 
abiotic agents (Mert-Türk, 2002). Flavonoids are a class of secondary metabolites with 
diverse functions. Apart from their role as phytoalexins, flavonoids function as 
pigments in ultraviolet filters and blue flower colour, feeding deterrents against 
insects and signal molecules in allelopathy (Iwashina, 2003). Some flavonoids are 
inducers of nodulation in the Fabaceae family (Debnam and Smith, 1976). Their 
structure consists of a fifteen-carbon skeleton with two phenyl rings connected by a 
three carbon bridge (Iwashina, 2003) (Table 1.5). Flavonoids are divided into several 
classes: anthocyans, flavones, flavonols, flavanones, isoflavones, pterocarpans and 
others. Because numerous flavonoids exist as hydroxyl, methoxyl, methyl and glycosyl 
substitutions, more than 5000 kinds of flavonoids have been described. Isoflavones 
are a diverse class of flavonoids that is closely identified with the Fabaceae family 
(Veitch, 2009). Biosynthesis of isoflavones in the Fabaceae family is more or less 
elucidated: flavanones are formed out of precursors from the acetate and shikimate 
pathway and flavanones are converted into isoflavones by isoflavone synthase (Veitch, 
2009).  
Isoflavones and pterocarpans are believed to be involved in disease resistance in red 
clover. Out of the many isoflavones identified in red clover, formononetin and 
biochanin A are the most important ones (Table 1.3) (He et al., 1996). These 
isoflavonoids are more abundantly present in leaves than in stems, roots and flowers 
and can reach levels between 0.1% and 0.9% of the DM yield. Isoflavones are stored as 
glycosides or malonates in healthy tissue to be quickly transformed in active aglycones 




Table 1.5: Structures, molecular weights and concentration in the leaves of the isoflavones in 
red clover (De Rijke et al., 2001; He et al., 1996) 
R-groups are specified in the table; mol. weight: molecular weight; 
a
 Concentration in red clover 
leaves; 
*
 90% of formononetin and Biochanin A is present as glycoside malonate 
 
 






Daidzein H H H H H 254 0 
Daidzin H H H Glucose H 416 42 
Genistein H H OH H H 270 0 
Genistin H H OH Glucose H 432 560 
Formononetin CH3 H H H H 268 5500
*
 
Ononin CH3 H H Glucose H 430 970 
Biochanin A CH3 H OH H H 284 3630
*
 
Sissotrin CH3 H OH Glucose H 446 540 
Trifoside Glucose H H CH3 H 374 n.a. 
Calycosin CH3 H H H OH 284 n.a. 
Pectolinarigenin CH3 OH OCH3 H H 314 n.a. 
Pratensein CH3 OH H H OH 300 n.a. 
Pseudobaptigenin -CH2- H H H -O- 282 n.a. 
Formononetin and biochanin A are not present in the active aglycone form in healthy 
tissue, but in infected tissue, more than 80% of these compounds is present in the 
aglycone form. Especially formononetin and biochanin A have long been considered 
antifungal to S. trifoliorum (Francis et al., 1967; Schultz, 1967). However, Debnam and 
Smith (1976) showed that these isoflavones were not involved in clover rot resistance. 
First, total concentrations of formononetin, biochanin A and genistein are much lower 
in Sclerotinia infected tissue than in healthy tissue, indicating that these compounds 
are degraded by the pathogen (Debnam and Smith, 1976). Second, neither 
formononetin, biochanin A nor genistein reduces the in vitro growth speed of S. 
trifoliorum at concentrations even far above those released in infected leaves, while 
non-host pathogens such as Botrytis cinerea are already inhibited by low 
concentrations of these compounds. And finally, the isoflavone concentrations in 
healthy tissue of four red clover cultivars are not correlated with their resistance to S. 
trifoliorum (Debnam and Smith, 1976). Also maackiain and medicarpin, pterocarpans 
with structural homology to formononetin and biochanin A, are probably only involved 
in non-host resistance and not in pathogen-specific resistance to S. trifoliorum. First of 
all, large amounts of these pterocarpans are present in leaves infected with two non-
pathogen Sclerotinia species, while leaves infected with S. trifoliorum only contain 
traces of these compounds. S. trifoliorum is able to quickly degrade all maackiain and 
medicarpin in vitro, while non-host pathogens reduce only up to 25% of these 
compounds in 24h (Debnam and Smith, 1976). Growth of S. trifoliorum is also less 
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inhibited by maackiain and medicarpin in vitro than growth of non-host Sclerotinia 
species (Debnam and Smith, 1976; Macfoy and Smith, 1979).  
Isoflavones and especially formononetin have oestrogenic effects on livestock, which 
can be problematic when livestock is fed large amounts of red clover. Bennets et al. 
(1946) first described severe clinical abnormalities in sheep grazing on highly 
oestrogenic subterranean clover pastures and called it “clover disease”. Red clover 
pastures are most oestrogenic in spring and oestrogenicity declines after flowering. 
Fertiliser deficiencies impair plant growth and thereby increase the concentration of 
formononetin. Silage or hay may retain considerable oestrogenicity (Adams, 1995). 
Clover disease results in impaired ovarian function in sheep, often accompanied by 
reduced conception rates and increased embryonic loss. The infertility is temporary, 
normally resolving within one month after removal from the oestrogenic feed. 
However, ewes exposed to pseudo-oestrogens from red clover for prolonged periods 
may suffer a permanent form of infertility. The ewes have a reduced ability to 
conceive, due to failure of the cervix to permit normal transport of spermatozoa after 
insemination (Lightfoot et al., 1967). With an increased proportion of grass in pastures 
and the use of low formononetin cultivars, severe clinical manifestations of clover 
disease are no longer common. However, an extensive subclinical infertility problem 
remains in some cases (Adams, 1995).  
Because numerous studies have demonstrated that phytoalexins are produced in 
susceptible interactions as well as in resistant reactions, most successful pathogens 
should be constantly exposed to these plant toxins and it is to be expected that 
pathogens would develop a resistance to such compounds (Vanetten et al., 2001). 
Indeed, Delserone et al. (1992) showed that pathogens of red clover were more 
sensitive to phytoalexins of garden pea that to those of red clover and the other way 
around. Probably the ability of a pathogen to colonise a plant depends less on the 
amount of phytoalexin present than on the timing of production. Phytoalexins may be 
more effective deterrents if produced early in the infection process instead of later, 
when plant cells are dying and when the fungus is well entrenched in the plant 
(Hammerschmidt and Kagan, 2001).  
Because there are many indications that isoflavones are not involved in resistance of 










ANALYSIS OF GENETIC DIVERSITY IN SCLEROTINIA POPULATIONS FROM 
EUROPEAN RED CLOVER CROPS 
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This chapter provides insight into the genetic diversity and population structure 
among Sclerotinia isolates from red clover crops in various European countries.  
Isolates were collected from multiple locations in various European countries and 
mycelial compatibility grouping (MCG) was performed to get a first notion of genetic 
diversity. The DNA extraction from Sclerotinia mycelium was optimised to obtain high 
quality DNA for molecular studies. An amplified fragment length polymorphism (AFLP) 
study was done to study the genetic diversity and population structure among 
European Sclerotinia isolates in more detail. The relation between genetic and 
geographic distance was investigated. Finally, we constructed a species specific 
polymerase chain reaction (PCR) which makes it possible to quickly discriminate 
between S. trifoliorum and S. sclerotiorum isolates. Both Sclerotinia species can be 






Genetic diversity in Sclerotinia spp. is commonly investigated using a range of assays, 
including morphological features, isozyme assays and molecular methods. MCG is 
often used as the first method to identify intraspecific variation within field 
populations (Kohn et al., 1991). Molecular studies can then provide more detailed 
insight into the population structure.  
 
2.2.1. Mycelial compatibility grouping 
Filamentous fungi grow by tip extension and branching. During growth, hyphal fusion 
occurs within an individual colony to form a tridimensional network of hypha. Yet 
hyphal fusion can also occur between different individuals to form a heterokaryon, in 
which genetically distinct nuclei occupy a common cytoplasm (Fig. 2.1.). Heterokaryon 
formation in ascomycete fungi has benefits such as the exchange of genetic material 
and increasing biomass to exploit resources more efficiently. In spite of the benefits, 
there are also risks associated with heterokaryon formation, such as the transmission 
of virus-like double-stranded RNAs and exploitation by aggressive genotypes (Glass 
and Kaneko, 2003; Wu et al., 1998). In ascomycete fungi, among which the Sclerotinia 
genus, heterokaryon formation is genetically regulated by a small number of het loci. 
Fusion cells are viable only if both individuals have identical alleles at all het loci. 
Different alleles at one or more het loci result in death of the fusion cells, a process 
referred to as heterokaryon incompatibility, vegetative incompatibility or mycelial 
incompatibility (Fig. 2.1.). The number of alleles at each het locus is between two and 
four in most species; in the Sclerotinia genus this is believed to be three. Even though 
the number of allelic specificities at each het locus is low, the number of potentially 
incompatible genotypes remains high because there are multiple unlinked het loci 
(Glass and Kaneko, 2003). The fact that alleles are nearly equally distributed within 
populations indicates that het loci are subject to balancing selection, a characteristic 
shared with other non-self-recognition systems such as major histocompatibility 
complex loci in mammals and the self-incompatibility locus in plants (Wu et al., 1998).  
MCG can reveal intraspecific variation within field populations (Glass and Kaneko, 
2003; Kohn et al., 1991; Schafer and Kohn, 2006). By growing two isolates together on 
a solid culture medium and observing the interaction between them, isolates can be 
divided into compatibility groups. If no reaction line appears, both isolates are 
compatible and belong to the same group. When a clear barrage zone forms where 
the two mycelia touch, the isolates are incompatible and belong to different groups 
(Öhberg, 2008; Schafer and Kohn, 2006).  
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Figure 2.1: Mycelial compatibility (left) and incompatibility (right) reactions 
in Sclerotinia species (Glass and Kaneko, 2003) 
 
2.2.2. Molecular genetic diversity 
Molecular markers are valuable tools to study genetic diversity in fungi. Various types 
of PCR-based marker systems and high-throughput genotyping instruments have 
created the opportunity to use molecular markers to study genetic diversity in plant 
pathogens. The most commonly used techniques are random amplification of 
polymorphic DNA (RAPD), AFLP, SSR and single nucleotide polymorphism (SNP) 
markers (Njambere, 2010).  
RAPD was the first PCR-based technique developed. The technique uses short primers, 
usually 10 base pairs (bp) in size, for PCR amplification of genomic DNA. The short 
primers have a low specificity and bind at various locations in the genome so that 
numerous fragments of different size are amplified. RAPD polymorphisms are 
generated by changes in genome sequence in the primer binding sites and by 
insertions or deletions between primer sites. RAPD markers are scored dominantly, i.e. 
homozygous and heterozygous individuals cannot be discriminated. RAPD reactions 
are fast and not labour intensive, but the reproducibility is often unacceptably low 
(Vandewalle, 2007).  
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In the AFLP technique, restriction fragments from a total restriction digest of genomic 
DNA are selectively amplified by PCR (Vos et al., 1995). Amplified fragments are 
visualised on a gel or can be detected by capillary gel electrophoresis. Length 
polymorphisms are due to changes in restriction sites, in sequences near the 
restriction sites and to insertions or deletions between restriction sites. Single 
nucleotide changes are detectable and numerous DNA polymorphisms are generated 
by one primer combination. The number of fragments obtained in an AFLP fingerprint 
depends on the restriction enzymes used, the number of selective nucleotides in the 
primers and the size and complexity of the genome. For plant species, a total of eight 
selective nucleotides is common. Fungi have smaller genomes, however; therefore, 
two to four selective nucleotides are often optimal. Advantages of the AFLP technique 
are its high reproducibility and the fact that it does not require sequence knowledge. 
AFLP markers are scored dominantly (Vandewalle, 2007; Vos et al., 1995).  
Another commonly used PCR-based marker system is the SSR or microsatellite marker 
system. SSRs are short stretches of repeated di-, tri- or tetranucleotide motifs, part of 
the large proportion of repetitive DNA present in eukaryotic genomes. SSR 
polymorphisms are generated by variation in the number of repeat units, due to 
occasional slipping of the polymerase during DNA replication. The variation in length 
can be monitored with conserved PCR primers developed to anneal to the non-
repetitive flanking regions. The main disadvantage is that SSR markers require prior 
sequence knowledge to design suitable primers (Vandewalle, 2007).  
SNPs are variations of only one or a few nucleotides in a DNA sequence between 
individuals. SNPs are the most common form of DNA polymorphisms and are very 
abundant in genomes of plants, animals and fungi. SNPs can be used to perform an 
allele specific PCR: primers with their 3’ site complementary to the SNP site will only 
amplify sequences containing that certain SNP (Vandewalle, 2007).  
RFLP (restriction fragment length polymorphisms) is a non-PCR-based marker system. 
RFLPs are uncovered by restriction of genomic DNA with restriction enzymes, followed 
by separation of the fragments by gel electrophoresis. Fragments are transferred from 
the gel to a membrane and hybridised with a fluorescently (or radioactively) labelled 
probe. Polymorphisms in non-coding sequences flanking the gene or variation in 
intron sequences give rise to fragments with different lengths (Faville et al., 2004). 
RFLPs are co-dominant markers. They are reliable, cover the entire genome and map 
information can be transferred to related species. The major disadvantages of RFLP 
markers are the high labour requirements and the large amount of DNA that is needed 
(5-10 µg). For this reason, RFLPs are only rarely used in fungi (Vandewalle, 2007).  
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2.2.3. Genetic diversity in S. trifoliorum 
When artificial inoculations are performed with Sclerotinia on red clover, knowledge 
about the genetic diversity is needed to determine whether one or multiple isolates 
should be used in resistance breeding. Moreover, insight and monitoring of the 
pathogens’ population dynamics by means of molecular markers may be crucial in 
designing strategies for the disease control (Njambere, 2009). Today, little is known 
about the genetic diversity of S. trifoliorum in Europe. In S. trifoliorum isolates from 
red clover, diversity was investigated by MCG and RAPD studies, but these studies only 
included a limited number of local isolates (Öhberg et al., 2005; Yli-Mattila et al., 
2010). In chickpea, genetic diversity of S. trifoliorum isolates from USA has been 
studied with SSR markers: related genotypes are distributed across the sampling area 
and there is no correlation between genetic distance and geographical distance 
(Njambere, 2010). Until now, the molecular genetic diversity of S. trifoliorum isolates 




2.3. Materials and methods 
2.3.1. Collecting Sclerotinia isolates 
Sclerotia from a broad range of geographic regions in Europe were collected from 
infected red clover fields or from infected seed lots. Fields were sampled in a cross 
pattern in early spring, when sclerotia are easiest to detect. Sclerotia were collected 
from different infected plants or from the soil near them. We collected the isolates in 
Belgium ourselves; isolates from other countries were kindly provided by local 
researchers. When possible, multiple isolates were collected in the same location to 
determine the diversity within fields. A total of 192 Sclerotinia isolates were collected 
from 25 locations in 12 European countries (Figure 2.2.). Each isolate was given a 
name composed of three parts. A country code (Be, Fr, ...) and a location code within 
that country (A, B, ...) were given for all isolates. In many locations, more than one 
isolate was collected, so isolates were given an isolate number within that location 
was given (1, 2, ... ). For example, isolate Be.A 1 was one of five isolates collected in 
Belgium, location A.  
Additionally, five reference isolates were included: S. trifoliorum 1 (MUCL 832), S. 
sclerotiorum 1 (MUCL 11553) and S. minor 1 (MUCL 38484) were purchased from the 
Belgian coordinated collections of micro-organisms - Mycothèque de l'Université 
catholique de Louvain (BCCM-MUCL) gene bank for fungi. S. sclerotiorum 2 (S006-3) 
and S. minor 2 (S086-3) were obtained from the Phytopathology Lab at Ghent 
University (Van Beneden et al., 2005). Sclerotia were surface sterilised for two minutes 
in 70% ethanol, followed by three minutes in 2% sodium hypochlorite. After rinsing for 
one minute in sterile demineralised water and drying in a sterile flow cabinet, the 
sclerotia were incubated in the dark at 22°C on Petri dishes containing potato dextrose 
agar (PDA) with 10 mg l
-1
 rifampicin. After one week, a plug of outgrowing mycelium 
was transferred to a new Petri dish containing PDA, incubated for two weeks at 22°C 
and stored in the dark at 4°C.  
 
Figure 2.2: European countries where Sclerotinia isolates were collected 
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2.3.2. Mycelial compatibility grouping 
Mycelial compatibility tests were performed by growing two isolates together on a 
culture medium. Because the medium has an important influence on the visibility of 
mycelial incompatibility reactions (DeVries, 2006; Öhberg et al., 2008; Schafer and 
Kohn, 2006), five culture media were evaluated first: PDA, Czapek Dox agar, V8 agar, 
pea agar and malt extract-dextrose-peptone agar (MDPA). Protocols for these media 
are described in 2.3.3. Czapek Dox agar and PDA were evaluated with and without 
addition of 75 µl l
-1
 McCormick red food colouring, as suggested by Öhberg (2008).  
Each isolate, except the reference isolates, was paired with all other isolates from the 
same country on MDPA medium. The reference isolates were used exclusively in the 
AFLP study. After 10 days, each pairing of isolates was scored as compatible or 
incompatible and isolates were divided into compatibility groups (Figure 2.3.).  
 
Figure 2.3: Compatible mycelial interactions between isolates 2 and 3 and incompatible 
reactions between isolates 1 - 2 and 1 - 3 visualised on MDPA medium 
For each location, the Shannon index H0, representing the diversity within each 
location was calculated:  
             
 
    , with pi the fraction of isolates belonging to each  
 compatibility group and n the number of groups.  
The diversity values were corrected for sample size:  
   
  
   
 , with k the number of isolates collected in that country.  
The total diversity (Htot) was calculated by including all isolates from the locations 
where more than one sample was isolated. Htot was partitioned into within-  
    
    
  and 
among location  
         
    
  components with Hpop the average of H0 over all locations 







2.3.3. Optimising the DNA extraction 
AFLP reactions require at least 200 ng of high quality DNA (Vos et al., 1995). 
Unfortunately, DNA extraction from fungal tissue is more difficult than DNA extraction 
from plant or animal tissue samples as fungi tend to secrete high amounts of complex 
carbohydrates in the culture medium. These carbohydrates or slime substances can 
severely lower the yield of DNA extraction and reduce the quality of the extracted 
DNA. Fortunately, the culture medium has an influence on the formation of 
carbohydrates, so the quality of tissue samples can be increased by electing a suitable 
culture medium.  
In first experiments, the effects of incubation time and continuous shaking on the 
secretion of carbohydrates was determined. Later on, nine culture media were 
evaluated:  
 Liquid Czapek Dox medium: 2 g NaNO3, 1 g K2HPO4, 0.5 g MgSO4.7H2O, 0.5 g 
KCl, 0.01 g FeSO4, 30 g sucrose in 1l demineralised water (Dhingra and 
Sinclair, 1995).  
 Clover medium: 200 g of young clover leaves were homogenised in 500 ml 
demineralised water and 10 g l
-1
 glucose was added. The mixture was 
centrifuged 30 min at 4000 G. The supernatant was filtered over a 0.8 µm 
Millipore filter and restored to 1l with demineralised water. The stock 
solution was diluted three times.  
 Carrot medium: 200 g of peeled carrots were homogenised in 500 ml 
demineralised water. After centrifuging for 10 min at 4000 G and filtering 
over a Miracloth filter, the supernatant was brought to 1l with demineralised 
water.  
 Oatmeal medium: 60 g oatmeal was homogenised in 600 ml demineralised 
water and heated until 50°C for a few min. After cooking, the medium was 
centrifuged for 10 min at 4000 G, filtered over a Miracloth filter and its 
volume was adjusted to 1l.  
 Pea medium: 200 g frozen peas were homogenised in 500 ml demineralised 
water. After centrifuging for 10 min at 4000 G and filtering over a Miracloth 
filter, the supernatant was set to 1l with demineralised water.  
 V8 vegetable juice medium: 660 ml of V8 juice was amended with 10 g CaCO3 
and stirred for 10 min. After centrifuging for 20 min at 4000 G, the 
supernatant was filtered over a Miracloth filter and diluted five times.  
 Malt extract-dextrose-peptone broth (MDPB) consisted of 20 g l
-1
 malt 
extract, 20 g l
-1
 dextrose and 1 g l
-1
 peptone (Dhingra and Sinclair, 1995).  
 Malt extract-yeast extract broth (MYB) was composed of 3 g l
-1
 malt extract, 2 
g l
-1
 yeast extract, 0.5 g l
-1
 KH2PO4 and 0.5 g l
-1
 MgSO4.7H2O.  
 Potato dextrose broth (PDB) was prepared according to the manufacturer’s 
instructions (Formedium).  
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Erlenmeyer flasks (100 ml) containing 20 ml culture medium were sealed with a cotton 
plug, autoclaved for 20 min at 121°C and cooled down to room temperature. A small 
piece of aerial mycelium cut from agar plates from two isolates (UK.A and Po.C 1) was 
inoculated in each culture medium with two repetitions per isolate. The cultures were 
incubated at 22°C under continuous shaking at 200 rpm. After three days, the medium 
was removed and the mycelium was thoroughly rinsed in sterile demineralised water, 
dried under vacuum on a 589/1 MicroScience filter paper and crushed with a sterile 
pestle in liquid nitrogen. DNA was extracted with the cetyl trimethylammonium 
bromide (CTAB) protocol (Van Burik et al., 2012).  
Subsequently, various DNA extraction kits were evaluated on S. trifoliorum mycelium 
samples from two isolates (UK.A and Po.C 1). Erlenmeyer flasks with 20 ml PDB were 
inoculated with a plug of aerial mycelium and incubated for three days at 22°C under 
continuous shaking at 200 rpm. Mycelium was prepared for DNA extraction as 
described above. The following six kits were applied according to manufacturer’s 
instructions:  
 DNeasy Plant (Qiagen, 2004) 
 EZNA fungal (PeqLab, 2007) 
 Invitek  (Invitek GmbH, 2006) 
 Nucleospin II (Macherey Nagel, 2008) 
 PureGene (Gentra Systems, 2003) 
 Quickpick (Bio-nobile, 2003) 
The resulting DNA was dissolved in a total volume of 100 µl elution buffer, supplied for 
each kit. DNA quality was determined using a Nanodrop spectrophotometer and gel 
electrophoresis. A Nanodrop spectrophotometer uses the absorbance at 270 nm to 
estimate the DNA concentration. The 260 nm to 280 nm absorbance ratio is used to 
assess the purity of DNA: a ratio of 1.8 is generally accepted as pure for DNA. If the 
ratio is appreciably lower in either case, it may indicate the presence of protein, 
phenol or other contaminants. The 260/230 ratio is used as a secondary measure of 
nucleic acid purity: expected 260/230 values for pure DNA are in the range of 2.0 - 2.2 
(Thermo Fisher Scientific, 2008). The DNA Electrophoresis of genomic DNA (3 μl) was 
performed on 0.8% agarose gel made with 1X tris-acetate-EDTA (TAE) buffer and run 
at 75V for 30 min. DNA was stained with ethidium bromide and visualised under UV 
light.  
To extract DNA for the molecular studies, mycelium of all isolates was grown for 3 
days in Erlenmeyer flasks with 20 ml PDB at 22°C under continuous shaking at 200 
rpm. Mycelium was rinsed, dried, crushed in liquid nitrogen and DNA was extracted 
with a modified version of the PureGene protocol: 5 µl RNase A was added to the cell 
lysate and the samples were incubated for 1h at 37°C instead of 15 min in order to 
remove excessive amounts of RNA. DNA was extracted from all samples and stored at 
-20°C until use.  
Chapter 2 
40 
2.3.4. AFLP analysis 
AFLP reactions were performed according to Vos et al. (1995). Genomic DNA (280 ng) 
was digested with EcoRI and MseI (2.5U of both enzymes) for 2h at 37°C and adaptors 
were ligated to the restriction fragments with 1U T4 ligase for 2h at 37°C in a total 
volume of 25 µl. Quality of the reaction was confirmed by gel electrophoresis on a 
1.5% agarose gel in 1X TAE buffer. Because no smear was visible below 2800 bp, 
undiluted digests were used as template for the pre-amplification. For the pre-
amplification, nonselective EcoRI (E+00: 5’-GACTGCGTACCAATTC-3’) and MseI (M+00 
5’-GATGAGTCCTGAGTAA-3’) primers were used. Each reaction mixture contained 5 µl 
sample, 10 nmol dNTPs, 25 ng of each primer and 1.25U AmpliTaq DNA polymerase in 
a total volume of 50 µl. PCR was performed in a GeneAmp PCR system 9700 under the 
following conditions: 25 cycles of 30s at 94°C, 1 min at 56°C and 1 min at 72°C. The 
quality of the reaction was again checked by gel electrophoresis. Multiple primer 
combinations were tested on a subset of five collected isolates (Be.A 1, Li.A 1, Cz.A 1, 
Sw.A 1, Fr.A 1) and four reference isolates (S. trifoliorum 1, S. sclerotiorum 1, S. 
sclerotiorum 2 and S. minor 1). The following primer combinations with 3 and 4 












The four primer combinations that revealed maximum polymorphism within the S. 
trifoliorum branch were chosen to screen the entire collection of isolates: Eco-AC + 
Mse-CA, Eco-TG + Mse-CA, Eco-TG + Mse-CT and Eco-TG + Mse-CC. After diluting the 
amplification products five times, 3 µl was used as template for the selective 
amplification. Each reaction mixture contained 3 µl sample, 4 nmol dNTPs, 1 pmol Eco-
primer labelled with hexachloro-fluorescein, 5 pmol Mse-primer and 0.6U AmpliTaq 
DNA polymerase in a total volume of 20 µl. PCR reactions were performed under the 
following conditions: 1 cycle of 2 min at 94°C, 30s at 65°C and 2 min at 72°C followed 
by 31 cycles of 1s at 94°C, 30s at 64°C and 2 min at 72°C with annealing temperatures 
lowered by 1°C each cycle until 56°C. AFLP fragments were sized together with the 
molecular standard GeneScan-500 ROX by capillary electrophoresis on an automated 
ABI 3130 genetic analyser and analysed with GeneScan 3.1.2 software. Fragments with 
peak size larger than 75 were scored in a length range from 50 to 450 base pairs using 
GeneMapper software. Double scored peaks were rescored manually if possible; 
otherwise they were omitted. Finally, scores from the four primer combinations were 
combined into a single binary data matrix.  
AFLPSurv software (Vekemans, 2002) allowed the calculation of a distance matrix with 
distance values between all samples and 100 bootstrap simulations. For every 
location, the number of polymorphic loci at the 5% level (loci with allelic frequencies 
within the range 0.05 to 0.95) was calculated. Also Hj, the expected heterozygosity 
under Hardy-Weinberg assumption, and the proportion of variance due to sampling of 
individuals and locations was calculated for every location. Dendrograms were 
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constructed for each primer combination and for the four primer combinations 
combined using Nei and Li’s criterion for distance estimation (Nei and Li, 1979) and 
UPGMA (Unweighted Pair Group Method with Arithmetic Mean) to infer the tree 
topology. A consensus phylogenetic tree was constructed using Neighbor (Kuhner and 
Yamato, 1993) and Consense (Felsenstein, 1993) software. 
Structure software (Pritchard et al., 2000) assessed the population structure within the 
S. trifoliorum species. The logarithm of posterior probability ln[P(D)] was calculated for 
1 to 25 subpopulations (K-values) with the following parameters: 50  000 burn in, 
25 000 reps after burning and admixture model. Ten independent estimation runs 
were performed for each K-value and ∆K was calculated according to Evanno, Regnaut 
and Goudet (2005). The possible presence of a geographic structure in the genetic 
variation among S. trifoliorum isolates was tested by determining the correlation 
between the genetic distance and the geographic distance of all isolates. Nei and Li 
distance values (Nei and Li, 1979) were used for genetic distance and geographic 
distance was expressed as log (km).  
With Arlequin software (Excoffier et al., 1992) we performed an analysis of molecular 
variance and calculated the average fixation index (Fst) between our isolates. Fst is a 
measure for population differentiation and represents the correlation of the 
distributions of randomly chosen alleles within the same subpopulation relative to 
that found in the entire population. It ranges between 0 and 1: a value 0 implies 
complete panmixis and a value 1 implies that the two populations are genetically 
completely separated. The population parameter θ represents the overall mutation 
rate: θ = 2Nµ, where N is the population size and µ the overall mutation rate (number 
of mutations per site per generation). Two estimates of θ, θs (Tajima, 1983) and θπ 
(Watterson, 1975), were calculated for every location and for the S. trifoliorum and 
the S. sclerotiorum group. The average of both parameters was used as an estimate 
for θ (Excoffier et al., 1992).  
 
2.3.5. Species specific PCR 
S. sclerotiorum and S. trifoliorum cannot be distinguished through the morphology of 
their mycelium or sclerotia. Both species differ in the size and shape of their apothecia 
and ascospores, but the formation of these structures is time consuming, labour 
intensive, and does not work for all isolates. Therefore, we screened five house-
keeping genes for polymorphisms that would allow the construction of a molecular 
species identification test: the ITS region (internal transcribed spacer), calmodulin, 
histone 3, elongation factor  and the -tubulin gene. PCR reactions were performed 
with universal primers described in Table 2.1. on the reference isolates (1 S. 
trifoliorum, 2 S. minor and 2 S. sclerotiorum isolates). Each reaction mixture contained 
100 ng DNA, 4 nmol dNTPs, 2 pmol of each primer and 1U AmpliTaq DNA polymerase 
in a total volume of 50 µl. PCR was performed as follows: 6 min at 94°C, followed by 35 
cycles of 30s at 94°C, 30s at 55°C and 1 min at 72°C, followed by a final extension for 5 
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min at 72°C. PCR products were analysed on a 1% agarose gel in 1X TAE buffer. If 
amplification was successful, target bands were cut out of the gel under UV light. DNA 
was extracted from these bands with the NucleoSpin Extract II kit following the 
manufacturer’s instructions, eluted in 20 µl elution buffer and sequenced.  
 
Table 2.1: Evaluated house-keeping genes for the species identification test 
and the universal primers that were used in the PCR reactions 
Gene Primers Sequence Reference 
ITS region 
ITS1 TCCGTAGGTGAACCTGCGG (White et al., 
1990) ITS4 TCCTCCGCTTATTGATATGC 
Calmodulin 
CAL228F GAGTTCAAGGAGGCCTTCTCCC (Carbone and 
Kohn, 1999) CAL737R CATCTTTCTGGCCATCATGG 
Histone 3 
H3-1A ACTAAGCAGACCGCCCGCAGG (Glass and 




(Seo et al., 2001) 
EF2T GGAAGTACCAGTGATCATGTT 
-tubulin 
T1 AACATGCGTGAGATTGTAAGT (O'Donnell and 
Cigelnik, 1997) T4 TAGTGACCCTTGGCCCAGTTG 
 
The -tubulin gene was studied in more detail. PCR reactions were also performed on 
six isolates that were classified as S. trifoliorum based on the shape of their apothecia 
(Be.A 1, Be.A 2, CH.A, Sw.A, Sw.B 13 and UK.A). DNA was extracted from the target 
bands and sequenced. After sequencing, new primers were designed: TU1: 5’ 
CCTGAAAAGCACCCCACTAT 3’, TU2: 5’ ACGGCACGAGGAACATACTT 3’ and TU3: 5’ 
AACTCAACTCGACCGATGCT 3’. Primers TU1 and TU2 bound to regions conserved 
between S. trifoliorum, S. sclerotiorum and S. minor while primer TU3 only bound to a 
sequence specific for S. trifoliorum. When the three primers were combined in a single 
PCR reaction, TU1 and TU2 produced a 486 bp fragment from DNA of all three 
Sclerotinia species and TU3 and TU2 generated a 383 bp fragment from S. trifoliorum 
DNA only (Figure 2.8.). In other words, a PCR reaction with these three primers 
combined can be used as molecular species identification test. All collected isolates 
were screened with TU1, TU2 and TU3 to determine their species (Table 2.2.).  
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2.4. Results and discussion 
2.4.1. Collecting Sclerotinia isolates 
A total of 192 Sclerotinia isolates were collected from 25 locations in 12 European 
countries and five control isolates were obtained. Table 2.2. shows all collected 
Sclerotinia isolates with their respective location, collection year, MCG, Shannon index 
(H0) and the result of the species identification test.  
 
2.4.2. Mycelial compatibility grouping 
Incompatibility reactions were poorly visible on PDA medium and Czapek Dox 
medium. Addition of red food colouring to PDA medium improved the visualisation of 
incompatibility reactions only marginally. Also in V8 vegetable juice agar and pea agar, 
the interaction remained unclear in numerous Petri dishes. Only the MDPA medium 
was able to visualise incompatibility clearly in all cases, so all pairings were performed 
on this medium.  
The MCG analysis revealed that the locations housed a heterogeneous mix of 
compatibility groups (MCGs) (Table 2.2.). In total, 92 MCGs were identified among our 
isolates. Preliminary experiments suggested that isolates from different countries 
always belonged to different MCGs (data not shown). Therefore, mycelial 
compatibility was not studied between isolates from different countries. Yet it cannot 
be excluded that some isolates from different countries share the same MCG and 
therefore the total amount of MCGs might be smaller than 92.  
Shannon index analysis showed that 78.6% of the total diversity was due to locations 
 
    
    
  while 21.4% resided between locations  
         
    
 . Per definition, H0 cannot 
be calculated for locations where only one isolate is collected. In most locations, the 
majority of isolates belonged to 2 or 3 MCGs and the remaining isolates were divided 
over numerous MCGs. A possible explanation is that numerous S. trifoliorum 
genotypes circulate in red clover fields, but during the disease development only the 
isolates that are best adapted to current environmental conditions cause the most 
vigorous infections. Less adapted isolates only infect a minor portion of plants, but 
their sclerotia remain in the field for multiple years and these isolates may become 




Table 2.2: Collected Sclerotinia isolates with their respective location, collection year, MCGs, 
Shannon index (H0) and the Sclerotinia species indicated for each location 
Number was arbitrarily assigned to each MCG. Reference samples are listed at the bottom 







Crop type MCGs H0 Species 
Be.A 5 Belgium Gontrode 2006 cultivar 01 - 04 0.359 S. trif. 
Be.B 20 Belgium Merelbeke 2009 cultivar 2, 5 - 9 0.212 S. trif. 
Be.C 1 Belgium Beitem 2008 cultivar 10 n.a. S. trif. 
Be.D 6 Belgium Kruishoutem 2009 cultivar 11 - 14 0.322 S. trif. 
CH.A 1 Switzerland Morens 2000 wild pop. 57 n.a. S. trif. 
CH.B 4 Switzerland Zurich 2000 - ‘08 breeding pop. 58 - 60 0.322 S. trif. 
CH.C 1 Switzerland Wilchingen 2000 wild pop. 57 n.a. S. trif. 
Cz.A 20 Czech Rep. 
Hladké 
Životice 
2009 cultivar 38 - 44 0.236 S. trif. 
Fi.A 1 Finland Maaninka 2009 wild pop. 56 n.a. S. trif. 
Fr.A 20 France Orchies 2010 cultivar 61 - 68 0.253 S. scler. 
Fr.B 18 France Dijon 2010 cultivar 
63, 64, 67, 
69 - 79 
0.376 S. scler. 
It.A 10 Italy Lodi 2010 breeding pop. 80 - 82 0.199 S. trif. 
Li.A 9 Lithuania Kedainiai 2009 wild pop. 15 - 19 0.258 S. trif. 
Li.B 7 Lithuania Kedainiai 2009 breeding pop. 15, 16 0.152 S. trif. 
Nl.A 2 Netherland Phillipine 2010 cultivar 83 0 S. trif. 
Nl.B 18 Netherland Lelystad 2010 cultivar 84 - 92 0.314 S. trif. 
No.A 7 Norway Staur 2009 cultivar 45 - 48 0.257 S. trif. 
No.B 8 Norway Arneberg 2009 cultivar 46, 49 - 52 0.326 S. trif. 
No.C 5 Norway Heggenes 2009 breeding pop. 48, 51 - 54 0.434 S. trif. 
Po.A 3 Poland Lúzna 2008 cultivar 28 - 30 0.434 S. trif. 
Po.B 6 Poland Lúzna 2006 cultivar 31 - 34 0.359 S. trif. 
Po.C 3 Poland Lúzna 2008 cultivar 35 - 37 0.434 S. trif. 
Sw.A 1 Sweden Äs 2005 cultivar 20 n.a. S. trif. 
Sw.B 15 Sweden Lännäs 2008 cultivar 21 - 27 0.283 S. trif. 
UK.A 1 UK Cambridge 2007 cultivar 55 n.a. S. trif. 
MUCL 832 1 Denmark n.a. 1959 red clover 
  
S. trif. 1 
MUCL 11553 1 Belgium Heverlee 1968 chicory 
  
S. scler. 1 
MUCL 38484 1 Belgium n.a. 1993 n.a. 
  
S. minor 1 
S006-3 1 Belgium n.a. 2004 lettuce 
  
S. scler. 2. 
S086-3 1 Belgium n.a. 2007 lettuce 
  
S. minor 2 
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2.4.3. Optimising the DNA extraction 
First experiments with PDB medium and the CTAB protocol revealed that mycelium 
from statically incubated cultures was too slimy for DNA extraction. Continuous 
shaking at 200 rpm significantly reduced the production of complex carbohydrates 
and, when incubation time was reduced to just three days, the resulting mycelium 
could be used for DNA extraction. Problems with DNA extraction due to excessive 
production of carbohydrates in Sclerotinia cultures have also been reported by other 
authors (DeVries, 2006; Van Beneden et al., 2009). Nine liquid culture media were 
evaluated under continuous shaking at 200 rpm. DNA was extracted with the CTAB 
protocol and its concentration was determined with a Nanodrop (Table 2.3.).  
Table 2.3: Production of mycelium in nine liquid culture media, DNA yield after DNA 
extraction from 20 mg dried mycelium grown in each medium and quality of the extracted 














Czapek Dox UK.A 0.0  
clover medium 
UK.A 139.7 DNA extraction unsuccessful 
Po.C 1 173.5 DNA extraction unsuccessful 
carrot medium 
UK.A 48.2 5.8 1.81 -0.34 
Po.C 1 172.6 DNA extraction unsuccessful 
oatmeal medium 
UK.A 166.6 DNA extraction unsuccessful 
Po.C 1 156.3 DNA extraction unsuccessful 
pea medium 
UK.A 278.0 3.6 2.37 -0.17 
Po.C 1 291.1 DNA extraction unsuccessful 
V8 vegetable juice 
medium 
UK.A 237.3 3.2 7.89 -0.16 
Po.C 1 90.7 9.2 2.00 -0.50 
MDPB 
UK.A 317.7 370.4 1.96 2.57 
Po.C 1 420.0 8.3 2.05 -0.83 
MYB 
UK.A 64.8 5.7 2.76 -0.27 
Po.C 1 82.8 11.4 1.78 -0.94 
PDB 
UK.A 39.4 294.4 2.16 2.56 
Po.C 1 46.3 385.0 2.17 2.50 
No growth was observed in Czapek Dox medium. Clover medium and oatmeal medium 
resulted in slimy cultures that could not be used for DNA extraction. Only mycelium 
grown in PDB medium provided DNA of fair quality. Because of the slower growth in 
PDB, secretion of slime substances was considerably less. Only DNA extraction from 




Six DNA extraction kits were tested for their capacity to obtain high quality DNA from 
mycelium cultures. Concentration and quality of DNA extracted with each kit was 
compared against DNA extracted with the CTAB protocol (Table 2.4.). 
Table 2.4: DNA yield and quality (260nm/280nm and 260nm/230nm absorption ratio) for two 
samples from isolates Po.C 1 and UK.A after extraction with six kits 




294.4 2.16 2.56 




6.3 196.59 -0.40 
2.0 -0.56 -0.10 
Po.C 1 
-0.8 0.14 0.04 
8.1 12.93 -0.52 
QuickPick 
UK.A 
160.1 2.09 3.51 
106.4 2.13 5.44 
Po.C 1 
43.5 2.01 3.02 
110.1 2.09 2.58 
Invitek 
UK.A 
166.2 1.91 1.04 
298.1 2.06 0.51 
Po.C 1 
173.4 1.94 0.89 
173.6 1.99 1.06 
EZNA 
UK.A 
275.2 2.21 2.52 
499.1 2.20 2.49 
Po.C 1 
12.1 1.95 23.64 
259.5 2.21 2.52 
NucleoSpin II 
UK.A 
1327.7 2.16 2.34 
1094.9 2.16 2.31 
Po.C 1 
1781.3 2.15 2.32 
1577.0 2.14 2.39 
PureGene 
UK.A 
549.5 2.12 2.17 
309.5 2.14 1.91 
Po.C 1 
574.1 2.13 2.13 
706.7 2.08 2.07 
The DNeasy Plant kits yielded only small amounts of low quality DNA and is definitely 
not suitable for DNA extraction from Sclerotinia mycelium. The CTAB protocol and the 
QuickPick and Invitek kits yielded sufficient amounts of DNA, but the DNA quality was 
insufficient for molecular studies. The EZNA kit performed well for most, but not all 
samples. Only the NucleoSpin II and PureGene kits were able to extract sufficient DNA 
of adequate quality. 
To assess the DNA quality in more detail, genomic DNA from each extraction method 
was visualised by gel electrophoresis (Figure 2.4.). Only the PureGene kit yielded a 
large quantity of DNA without shearing, yet a large amount of RNA was visible at the 
bottom of the gel. To  avoid excessive RNA in DNA samples, the protocol was adjusted 
with an extra RNase step. The fact that the PureGene kit isolates DNA through 
precipitation instead of through filtering may be the reason why this kit performs best 
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for Sclerotinia samples. The CTAB protocol and most kits use column filters to capture 
the DNA, but these filters are easily clotted with remaining slime substances in the 




















Figure 2.4: Gel electrophoresis of genomic DNA, visible above 300 bp, 
after extraction with nine methods 
 
2.4.4. Genetic diversity and population structure 
Primer combinations with three selective nucleotides resulted in a large number of 
small peaks that could not be used. Primers with four selective nucleotides generated 
about 150 well defined peaks. Although the primer combinations revealed a clear 
distinction between the three Sclerotinia species, primers differed in their capacity to 
show polymorphism within the S. trifoliorum species. The four most stable and most 
informative primer combinations were used to screen the entire collection. This 
resulted in 582 loci that could be unambiguously scored; 277 of these were 
polymorphic. On average, 168 bands were generated per isolate. The lowest number 
was 76 bands and the highest record 223 bands. The average number of bands per 
country (171 ± 11) was very similar across the countries. The highest number was 193 
bands (UK) and the lowest number was 151 bands (Lithuania). The individual 
dendrograms were highly similar to each other and to the combined dendrogram, 





Figure 2.5: Dendrogram representing the genetic distance (Nei & Li) between the 192 
collected isolates with bootstrap values (%) indicated above each branch 
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Supported by high bootstrap values, two main groups were distinguished: the upper 
group contained the majority of our collected isolates next to the S. trifoliorum 1 
reference isolate, indicating that all these isolates were S. trifoliorum. The lower group 
contained the S. sclerotiorum and S. minor reference isolates along with the isolates 
from Fr.A and Fr.B, two locations in France. Based on the morphology and number of 
sclerotia, these French isolates were obviously not S. minor (Willetts and Wong, 1980), 
so we suspected that they were S. sclerotiorum. In the dendrogram, bootstrap values 
higher than 80% were often present between isolates from the same location (e.g. 
between Nl.B 17 and Nl.B 18 and between It.A 1 and It.A 10), suggesting that these 
isolates are very closely related. Most other bootstrap values within the S. trifoliorum 
and the S. sclerotiorum groups were under 80%, indicating that there were no 
subpopulations present within the S. trifoliorum and the S. sclerotiorum groups. 
Remarkably, our analysis did not reveal any differentiation between the S. 
sclerotiorum and S. minor reference isolates. Although our primer combinations were 
especially designed to reveal maximal polymorphisms within S. trifoliorum, this finding 
indicates that S. sclerotiorum and S. minor are closer related than presumed. More 
research would be needed to prove this hypothesis, but it has already been suggested 
that S. sclerotiorum and S. minor should be regarded as one and the same species 
(Willetts and Wong, 1971).  
A structure analysis was used to more precisely assess the population structure. The 
logarithm of probability ln[P(D)] for 1 to 25 subpopulations (K), along with their ∆K 
values are given in Figure 2.6. Simulations with K = 1 subpopulations resulted in an 
average probability of e
-12035
. K = 2 had a higher probability (e
-10444
), but this group 
division was not supported by our dendrogram at all. K-values higher than 2 had only 
marginally higher probabilities. According to Pritchard et al. (2000), when the 
probability of the model continues to increase with increasing K-values, one should 
choose the K-value that captures most of the structure in the data and that seems 
biologically sensible, K = 1 in our case. The analysis of ∆K values suggested that K = 2 
was the most desirable value, yet this analysis should not be used exclusively since it 
cannot find the best K if K = 1. Instead, ∆K should be used together with other 
information provided by structure: ln[P(D)] itself and individual assignment patterns 
(Evanno et al., 2005). We conclude that K = 1 is the most suitable K-value: there were 








Figure 2.6: Average logarithm of the likelihood ln [P(D)] of each subpopulation (A) and K 
for each subpopulation (B) after 10 simulations for 1 to 26 subpopulations (K) 
No significant correlation was found between genetic distance and geographic 
distance among S. trifoliorum isolates (p = 0.12). Isolates found in close proximity were 
not necessarily more related and the other way around. The same result was found in 
S. trifoliorum isolates from chickpea in the USA (Njambere, 2010). This observation 
implies regular spreading of S. trifoliorum germplasm over large distances, most likely 
through ascospores or sclerotia in infected seed lots. Ascospores of S. sclerotiorum 
have been reported to survive for 16 days at ambient temperature or up to 21 weeks 
at 5°C to 10°C and 80% relative humidity (Caesar and Pearson, 1983; Clarkson et al., 
2003). Those conditions are typical for autumn, when ascospores of S. trifoliorum are 
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4°C under dry conditions (Delclos and Raynal, 1995; Marum et al., 1994). Supported by 
these findings, one can assume that if weather conditions are adequate, ascospores 
can survive for multiple days in the atmosphere to be spread over large areas via wind 
currents. Although ascospores unarguably contribute to the exchange of genetic 
material, the distribution of S. trifoliorum over large distances is probably done by 
human-assisted dispersal of sclerotia in infected seed lots (Njambere, 2010; Öhberg et 
al., 2008b).  
Molecular variance was analysed. When all isolates were considered, 77.9% of the 
total variance resided between the two species (p < 0.001). In the S. trifoliorum 
species alone, within-location variance accounted for 79.2% of the variation and 
among location variance for 20.8% of the variation, with p < 0.001 for both variance 
components. The average Fst value for the S. trifoliorum isolates was 0.208 (p < 0.001). 
The parameter θ was 48.6 for S. trifoliorum and 51.3 for S. sclerotiorum. Table 2.5. 
represents the parameters θ and Hj, along with the proportions of variance due to 
sampling of individuals and locations for every location where more than one isolate 
was obtained.  
 
Table 2.5: The number of polymorphic loci at the 5% level, the population parameter θ, Hj and 
its proportions of variance due to sampling of individuals and locations 







θ ± SE 
 
Hj ± SE 
Hj % var. 
from 
inds. 
Hj % var. 
from 
locs. 
Be.A 5 81 38.4 ± 30.6  0.063 ± 0.007 17.9 82.1 
Be.B 20 130 37.4 ± 23.1  0.066 ± 0.006 9.0 91.0 
Be.D 6 94 41.2 ± 31.2  0.069 ± 0.007 16.7 83.3 
CH.B 4 86 47.5 ± 40.7  0.077 ± 0.008 12.8 87.2 
Cz.A 20 291 37.2 ± 23.5  0.100 ± 0.006 18.0 82.0 
Fr.A 20 109 30.8 ± 19.0  0.053 ± 0.005 9.6 90.4 
Fr.B 18 112 33.2 ± 20.8  0.058 ± 0.006 10.3 89.7 
It.A 10 95 34.1 ± 23.2  0.059 ± 0.006 12.7 87.3 
Lt.A 9 126 46.7 ± 32.2  0.080 ± 0.007 16.5 83.5 
Lt.B 7 96 38.4 ± 27.9  0.063 ± 0.006 17.9 82.1 
Nl.A 2 21 21.0 ± 26.3  0.027 ± 0.006 0.0 100.0 
Nl.B 18 112 30.4 ± 18.7  0.049 ± 0.005 13.9 86.1 
No.A 7 95 37.2 ± 26.9  0.060 ± 0.006 21.0 79.0 
No.B 8 189 37.1 ± 26.9  0.104 ± 0.007 31.1 68.9 
No.C 5 92 44.7 ± 35.6  0.075 ± 0.007 14.5 85.5 
Po.A 3 76 50.7 ± 49.0  0.077 ± 0.008 10.8 89.2 
Po.B 6 77 34.0 ± 25.8  0.057 ± 0.006 14.9 85.1 
Po.C 3 87 58.0 ± 56.0  0.089 ± 0.009 11.0 89.0 
Sw.B 15 135 42.0 ± 26.8  0.073 ± 0.006 10.5 89.5 
S. trif. 157 277 48.6 ± 25.7  n.a. n.a. n.a. 
S. scler. 38 263 51.3 ± 27.0  n.a. n.a. n.a. 
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The analysis of molecular variance revealed that 79.2% of the genetic variation resided 
within locations and 20.8% among locations. This concurs with our MCG study and 
with previous studies of genetic diversity in S. trifoliorum. In S. trifoliorum isolates 
from chickpea, 91% of the genetic variation was found within locations with SSR 
markers (Njambere, 2010). In the sister species S. sclerotiorum, numerous studies have 
also signalled the heterogeneous mix of MCGs and the dominance of a small number 
of MCGs in each location (Akram et al., 2008; Atallah et al., 2004; Kohn et al., 1991; Li 
et al., 2008; Öhberg et al., 2008; Osofee et al., 2005). Two MCG studies report 98.4% 
and 92% within-location variation, which is similar to our results (Atallah et al., 2004; 
Durman et al., 2003). Yet molecular studies in S. sclerotiorum typically find lower 
within-location variance than in S. trifoliorum. A previous RAPD study on S. 
sclerotiorum isolates revealed only 49.4% within-location variance (Sun and Yang, 
2000), while our results and those from Njambere (2010) indicated 79.2% and 91% 
within-location variance, respectively, in S. trifoliorum. Apparently, the degree of 
population differentiation is lower in S. sclerotiorum than in S. trifoliorum, which can 
be explained by the reproduction mechanisms. S. sclerotiorum is a homothallic fungus, 
allowing both self-fertilisation and outcrossing in addition to vegetative reproduction 
(Uhm and Fuji, 1983). Self-fertilisation is likely to occur more often as isolates need to 
be in close physical contact for outcrossing. Self-fertilisation and vegetative 
reproduction both result in a high degree of population differentiation. S. trifoliorum, 
in contrast, is a heterothallic fungus with mating type mutation (see 1.2.2.). Self-
fertilisation is restricted to (F) individuals while (S) individuals need to be fertilised by 
(F) individuals to form apothecia. Since all asci contain four (F) and four (S) spores, 
both mating types are expected to be equally distributed within fields (Uhm and Fuji, 
1983). Because sexual reproduction and not vegetative reproduction is the main route 
of spread for S. trifoliorum (Delclos and Duc, 1996; Marum et al., 1994), a high degree 
of outcrossing has been proposed (Njambere, 2010) and our results support this. The 
average FST value of 0.208 in our S. trifoliorum populations indicates that the 
populations were close to panmixis, yet a low degree of population differentiation 
existed. This is another indication for frequent exchange of genetic material between 
locations. The overall mutation rate θ in the S. trifoliorum group (48.6) was similar to 
that of the S. sclerotiorum group (51.3).  
Structure analysis revealed that our S. trifoliorum isolates could not be divided into 
subpopulations. Only two previous studies investigated the molecular diversity in S. 
trifoliorum. In red clover, an RAPD study reported that the molecular fingerprints of all 
isolates were almost identical (Yli-Mattila et al., 2010). In chickpea, SSR markers, 
sequence-related amplified polymorphism markers and rDNA intron-derived markers 
demonstrated a high level of genetic diversity, yet no proof was found for the 
existence of subpopulations (Njambere, 2008; Njambere, 2010).  
Our results should be interpreted with care, because effects from sampling strategy, 
host origin and sample number per location can be expected. All isolates were isolated 
on red clover crops, but multiple crop types were sampled, including wild populations, 
breeding nurseries and various cultivars. Sclerotia were obtained from infected plants 
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and sometimes from infected seed lots. Different cultivars are used throughout 
different regions in Europe (Boller et al., 2010). It is possible that S. trifoliorum isolates 
have adapted themselves to local environmental conditions and local red clover 
populations. This hypothesis is supported by recorded differences in aggressiveness 
between S. trifoliorum isolates from different regions in Sweden (Öhberg et al., 2005; 
Tariq et al., 1985) and the interaction between S. trifoliorum isolates and red clover 
cultivars observed by Yli-Mattila et al. (2010) on detached leaves. Our results suggest 
that if S. trifoliorum isolates are adapted to local environmental conditions, these 
adaptations are not reflected in the genetic structure of S. trifoliorum populations in 
Europe.  
A final effect can be expected from sample size. Although sampling was performed 
similarly in all locations, different sample numbers were obtained from each location: 
between 1 and 20 isolates per location. Hence, within-location diversity should be 
compared with care between locations with different sample numbers, but it is 
possible to present an average within-location diversity for European S. trifoliorum 
populations on red clover crops.  
 
2.4.5. Species specific PCR 
Amplification of the ITS region was successful, but there was only one SNP between S. 
trifoliorum and S. sclerotiorum. Yli-Mattila et al. (2010) tried to determine the species 
of three collected Sclerotinia isolates based on their ITS sequences. They identified 
three isolates as S. trifoliorum, but this result may be doubtful as S. trifoliorum has 
only 1 nucleotide difference (G instead of T at position 72) with S. sclerotiorum and S. 
minor. Because we and Yli-Mattila et al. (2010) only sequenced a small number of 
isolates, it is not certain if the SNP between S. trifoliorum and S. sclerotiorum is 
consistently present between all isolates of these species. Therefore, we decided to 
screen other candidate genes to design a species identification test.  
PCR reactions with universal primers for calmodulin, histone 3 and elongation factor  
were not successful. For -tubulin however, amplification of the target gene was 
successful but DNA yield was low. This suggests that the universal primers T1 and T2 
did not fit their binding sites perfectly. The -tubulin sequences from the three 
Sclerotinia species showed abundant polymorphisms to allow the construction of a 
species specific PCR (Figure 2.7.). Our newly designed primers TU1, TU2 and TU3 were 
capable of discriminating S. trifoliorum from S. sclerotiorum and S. minor in a single 
PCR reaction. S. sclerotiorum or S. minor isolates generated only one fragment of 486 
bp, amplified by primers TU1 and TU2, while S. trifoliorum isolates generated an 
additional fragment at 383 bp, amplified by TU3 and TU2 (Figure 2.8.). Screening all 
isolates with TU1, TU2 and TU3 indicated that the isolates from the two locations in 
France (Fr.A and Fr.B) were S. sclerotiorum, all other isolates were S. trifoliorum (Table 












































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 2.7: -tubulin gene sequences from the S. minor 1, S. sclerotiorum 1 and 
S. trifoliorum 1 reference isolates with SNPs between the species indicated in grey and 
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Figure 2.8: The species specific PCR on the -tubulin gene applied on nine isolates from 
S. trifoliorum, S. sclerotiorum and S. minor, visualised by gel electrophoresis 
 
Two Sclerotinia species were present on red clover crops in our study: S. trifoliorum 
and S. sclerotiorum. Morphologically, these species can only be reliably differentiated 
through differences in the size of the ascospores and shape of the apothecia (Noonan 
et al., 1996; Tariq et al., 1985; Willetts and Wong, 1980). Yet sclerotia are often 
collected in early spring, when they are easily found but when apothecia are not 
present. The index of host plants for S. sclerotiorum contains 408 species including red 
clover (Boland and Hall, 1994). Three authors (Bisby, 1938; Conners, 1967; Kohn, 
1979) mention the presence of S. sclerotiorum on red clover crops, but no information 
exists about the method used to identify the species. To our knowledge, our research 
provides the first molecular evidence that S. sclerotiorum is present on red clover 
crops. Little information is available on the fitness and competition between S. 
trifoliorum and S. sclerotiorum. S. trifoliorum produces significantly less growth on 
poor culture media than S. sclerotiorum. According to Willis (1968), this difference is 
to be expected as S. trifoliorum has a narrower host range than S. sclerotiorum and is 
therefore probably more selective in its nutritional requirements. The temperature 
optimum for mycelial growth is between 15°C and 20°C for S. trifoliorum, while S. 
sclerotiorum has a higher temperature optimum between 20°C and 25°C (Willetts and 
Wong, 1980). At 25°C, S. trifoliorum grows significantly slower than S. sclerotiorum 
(Tariq et al., 1985). These temperature optima can explain why S. trifoliorum is the 
prevailing Sclerotinia pathogen on red clover: its lower temperature optimum may 
allow better adaptation to winter conditions than S. sclerotiorum. S. trifoliorum could 
also be better adapted to the plant’s defence mechanism than S. sclerotiorum.  




For the MCG study, only the MDPA medium could visualise mycelial incompatibility 
clearly in all cases. The MCG analysis of Sclerotinia populations revealed that the 
sampled locations consisted of a heterogeneous mix of MCGs. A total of 78.7% of the 
total diversity was found within locations and 21.3% of the diversity was explained by 
locations. 
DNA extraction from Sclerotinia tissue was difficult because of excessive secretion of 
slime substances that inhibit DNA extraction. To avoid this, cultures were incubated in 
PDB no longer than three days under continuous shaking. Out of all the tested DNA 
extraction protocols, the PureGene kit gave the best results.  
The AFLP analysis with four primer pairs resulted in 582 loci that could be 
unambiguously scored, of which 277 were polymorphic. Structure analysis within the 
S. trifoliorum species revealed no subpopulations within the S. trifoliorum species. No 
significant correlation was found between genetic distance and geographic distance 
within the S. trifoliorum species. This implies that S. trifoliorum isolates in the field are 
mating at random, even over large distances. Analysis of molecular variance among 
the S. trifoliorum isolates indicated that within-location variance accounted for 79.2% 
and among location variance for 20.8% of the total variation. Similar results were 
found in our MCG study and in earlier research on S. trifoliorum isolates from 
chickpea. The average FST value for the investigated S. trifoliorum populations was 
0.208, indicating that populations are close to panmixis, yet a low degree of 
population differentiation exists.  
The ITS region from S. sclerotiorum and S. trifoliorum was not polymorphic enough to 
be used as a reliable basis for species identification. The -tubulin gene, on the other 
hand, did contain enough variation between both species. New primers (TU1, TU2 and 
TU3) were constructed: when these primers were combined in one PCR reaction, TU1 
and TU2 produced a 486 bp fragment for all three Sclerotinia species and TU3 and TU2 
formed a 383 bp fragment for S. trifoliorum only. Screening all isolates with this 
method indicated that our isolates sorted into two species: the majority of the 
collected isolates were S. trifoliorum, but all isolates from two locations in France (Fr.A 
and Fr.B) were S. sclerotiorum.  
 




DEVELOPMENT OF BIO-TESTS TO ANALYSE 





In this chapter we developed two bio-tests for Sclerotinia on red clover: a high-
throughput bio-test to select for resistant plants in breeding programmes and a more 
precise bio-test that allows repeated measurements on the same plants to analyse 
plant - pathogen interactions.  
A method was optimised to produce and store ascospores from Sclerotinia isolates. 
Afterwards, we optimised a high-throughput bio-test to infect young plants with 
ascospores. High-throughput bio-tests have been developed previously, but little is 
known about the effects of plant age and ascospore concentration. Some authors 
suggest that cold treating plants prior to inoculation has an effect on the expression of 
resistance, but this has never been investigated thoroughly. We investigated the 
effects of plant age, ascospore concentration and cold treatment on the disease 
progress. Subsequently, we constructed a more precise in vitro bio-test on detached 
leaves. This bio-test can precisely determine the susceptibility of plant genotypes and 
compare the aggressiveness of Sclerotinia isolates on leaves from the same genotype. 
The effects of ascospore concentration, incubation time, leaf growth stage and 
mechanical damage were investigated and the repeatability was checked. Finally, the 





3.2.1. The problem 
The development of resistant red clover cultivars is a main target for red clover 
breeders. In the last decades, evaluation of plants for clover rot resistance has mainly 
been based on the observation of better persistence in the field. Field evaluations 
have the advantage that they do not require artificial inoculations. However, a major 
drawback is the variable presence and lack of homogeneity in natural infections 
because prevalence and intensity of clover rot are highly dependent on weather 
conditions. Healthy plants may simply be uninfected and plants suffering from frost 
damage or root rot often show symptoms similar to clover rot. Natural infection is 
influenced by too many uncontrollable factors to be reliably used in resistance 
breeding (Delclos et al., 1997; Dijkstra, 1964; Marum et al., 1994; Taylor and 
Quesenberry, 1996).  
Artificial inoculations or bio-tests in controlled environments are a more reliable 
substitute for natural infection, because of their repeatability and the possibility for 
large-scale performance in the absence of external effects. A good bio-test should take 
factors such as test conditions, type of inoculum, inoculation method and the method 
of scoring into account.  
 
 
3.2.2. Ascospore production in the literature 
Sclerotia are easily produced on artificial culture media. Dijkstra (1964) concluded that 
raising apothecia in vitro on a large scale was possible and that captured ascospores 
could be used to inoculate red clover plants. Since then, various authors optimised 
protocols for in vitro ascospore production (Delclos and Raynal, 1995; Marum et al., 
1994).  
Delclos and Raynal (1995) inoculated mycelium on autoclaved potato slices and 
incubated it in the dark at 18°C. After six weeks, sclerotia were harvested, washed and 
dried during three days at room temperature. Dry sclerotia were incubated at 30°C for 
28 days to simulate the summer period and break the dormancy. Dried sclerotia could 
be stored at 5°C for prolonged periods and were able to produce apothecia if placed in 
appropriate conditions. To produce apothecia, sclerotia were buried 1 to 2 cm deep in 
wet vermiculite and incubated at 15°C in 80% to 100% relative humidity. 
Temperatures of 15°C with photoperiods of 12h light per day were optimal for the 
quantity and maturation of apothecia. Apothecia appeared after three weeks and 
lived for three to four weeks. Light is an important factor involved in the 
differentiation of apothecia. Light intensities of 400 µmol m
-2
 allow a faster 
differentiation of apothecial stipes into apothecia, but apothecia also die off more 
quickly compared to lower light levels. A few seconds after the glass lid was opened, 
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ascospores were ejected into the air. Ascospores could be collected by aspiration with 
a vacuum cleaner on a 5 µm Millipore filter up to three times a day (Delclos and 
Raynal, 1995). 
Marum et al. (1994) used a similar protocol, but they used a sterilised mixture of moist 
turf, sand and garden soil instead of vermiculite to incubate their sclerotia. Pots were 
incubated for 28 days at 25°C with 12h light per day. After 28 days, the jars were 
placed at 15°C and 100% relative humidity and 12h light per day. Apothecia started to 
form after two weeks and ascospore production initiated after three to four weeks. 
Collection of ascospores was done as described by Delclos and Raynal (1995).  
 
3.2.3. Bio-tests in the literature 
Various methods for artificial inoculation of red clover plants have been published. 
Most of these protocols inoculate whole plants with mycelium fragments in a 
controlled environment. Some bio-tests for ascospore infection have also been 
published. Taylor and Quesenberry (1996) claim that most of these tests are notably 
unreliable and unsatisfactory to select individual resistant plants. Indeed, Sclerotinia 
isolates, if allowed to grow uncontrolledly, will usually destroy all plants, both 
susceptible and resistant ones (Taylor and Quesenberry, 1996).  
Marum et al. (1994) inoculated two-week-old red clover plants by spraying a 
suspension of mycelium fragments or ascospores (10  000 spores/ml). Plants were 
incubated at 15°C and 100% relative humidity, during 10 days for mycelium 
inoculation and 14 days for ascospore inoculation. Plants were scored visually. 
Inoculation with ascospores and mycelium gave fairly similar results. Öhberg et al. 
(2005) inoculated red clover plants with ascospores and mycelium fragments using the 
protocol of Marum et al. (1994). Plants were either unhardened, pre-hardened: one 
week at a day/night temperature of 12/8°C with an 8h photoperiod, or fully hardened: 
one week pre hardening followed by two weeks at a day/night temperature of 2/0°C 
with an 16h photoperiod prior to inoculation. Fully hardened plants had a higher 
survival rate than pre-hardened plants or unhardened ones. Mycelial inoculation 
caused more plant death than ascospore inoculation after the same hardening 
treatment. Plants that were cut before inoculation suffered heavier damage (Öhberg 
et al., 2005). Delclos et al. (1997) inoculated 3-month-old plants with a fine mist of 
ascospore suspension (50  000 to 70  000 spores/ml and 17 ml per plant). Plants were 
incubated at 15°C and were scored 17, 20 and 23 days after inoculation. Vaverka et al. 
(2003) inoculated 2.5-month-old plants with 5 ml ascospore suspension containing 60  
000 to 70 000 ascospores/ml. Plants were incubated at 15°C and scoring was done 15, 
20, 25 and 30 days after inoculation. Dabkeviènë and Dabkevièius (2005) inoculated 6 
to 8 week old plants with mycelium fragments. Plants were incubated at 15°C in a 
moist environment and dead plants were counted after 14 days.  
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A bio-test for S. trifoliorum on detached leaves was developed by Delclos et al. (1997). 
Young, just opened leaves were collected from 3-month-old plants and laid on humid 
filter paper in 14 cm diameter Petri dishes. An ascospore suspension was applied to 
each leaf with a paintbrush, Petri dishes were sealed with Parafilm and incubated at 
15°C with 12h light per day. Leaflets were scored 9, 11, 13, 17 and 20 days after 
inoculation on a scale from 0 (healthy leaflet) to 5 (rotten leaflet). Cultivars showed 
significant differences in resistance 13, 17 and 20 days after inoculation. Yli-Mattila et 
al. (2010) used leaves of two month old red clover plants. Leaves were placed in Petri 
dishes with 0.5% water agar and 50 mg l
−1
 benzimidazole. Each leaflet was inoculated 
in the middle with a 10 μl drop of mycelium fragment suspension. Leaves were 
incubated at 15°C with 12h light per day during two weeks and scored on a scale from 
0 (healthy leaf) to 4 (dead leaf).  
Red clover breeding programmes often deal with thousands of plants in each selection 
cycle. If a breeder wishes to improve resistance to Sclerotinia through selection at a 
reasonably high selection pressure, he should be able to screen at least a few 
thousands of plants with a bio-test for Sclerotinia. On the other hand, a high-
throughput bio-test is not suitable to study the interaction between different 
Sclerotinia isolates and red clover genotypes. First, inoculations on plants are 
destructive and do not allow multiple measurements on the same genotype. But to 
study the aggressiveness of Sclerotinia isolates, various isolates should be screened on 
the same plant genotypes. Moreover, in red clover populations one is faced the 
problem of heterozygosity. Plants within populations display a large genetic variation 
and in contrast to plants from e.g. inbred lines, each red clover genotype is unique. 
The only way to maintain or multiply a genotype is through vegetative propagation: by 
making multiple ramets from a single genotype. Yet propagation of red clover plants is 
difficult and time consuming. Secondly, surviving plants may incur systemically 
acquired resistance that can influence following measurements. Finally, to study the 
interaction between plant genotypes and Sclerotinia isolates, the disease should be 
scored in more detail. A disease on a scale from 1 to 5 may not be precise enough. 
Therefore we developed both a high-throughput bio-test to inoculate young plants 
and a more precise in vitro bio-test that infects detached leaves. The high-throughput 
bio-test should be useable in resistance breeding, while the detached leaf bio-test 
should allow to study the plant-pathogen interaction in detail.  
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3.3. Materials and methods 
All statistics in this thesis were performed with Statistica® software at the significance 
level of 5%. Error bars on plots always indicate the standard error of the mean (SE), 
unless mentioned otherwise. For most figures, the average number of observations 
per data point (n) is represented in the figure legend.  
 
3.3.1. Ascospore production 
3.3.1.1. Production of sclerotia 
The first step to obtain ascospores is to produce large quantities of sclerotia. This is 
easily done in vitro, but the size and number of sclerotia is highly dependent on the 
culture medium. In a preliminary, ten agar-based culture media were evaluated for 
sclerotia production:  
 Czapek Dox agar 
 Clover agar 
 Carrot agar 
 Oatmeal agar 
 Pea agar 
 V8 agar 
 MDPA 
 Malt yeast agar 
 PDA (Formedium) 
 Cornmeal agar (BD) 
Protocols for the first eight media are described in 2.3.3. above. PDA and cornmeal 
agar were prepared according to the manufacturer’s instructions. All media contained 
15 g l
-1
 agar. Each medium was prepared in 9 cm Petri dishes containing 20 ml. Two 
isolates UK.A and Po.C 1 were used. A small plug of mycelium was cut from the edge 
of an actively growing colony and inoculated in the middle of each Petri dish with 
three repetitions per medium and per isolate. Mycelial growth was measured the first 
three days. Sclerotia were counted and weighed after 23 days, when all sclerotia were 
mature. 
Based on these results, a sclerotia production experiment was done. Sclerotia pro-
duction was evaluated on 5 media in 9 cm diameter glass jars with 5 jars per medium:  
 Potato slices: 6 potato slices (thickness 1 cm) per jar.  
 Bread: 60 g bread and 20 ml demineralised water per jar.  
 Bread with red clover: 60 g bread, 20 ml demineralised water and 30 g red 
clover infusion per jar.  
 Oatmeal: 20 g oatmeal and 25 ml demineralised water per jar.  
 Oatmeal with red clover: 20 g oatmeal, 25 ml demineralised water and 30 g 
red clover infusion per jar.  
Chapter 3 
62 
Red clover infusion was prepared by homogenising 300 g young red clover leaves from 
the cultivar “Global” in 300 ml demineralised water. Flowers and stems were avoided. 
All media were autoclaved for 20 min at 121°C. Each jar was inoculated with five plugs 
of mycelium from the edge of an actively growing colony from isolate UK.A. and 
cultures were incubated for 25 days at 22°C (Figure 3.1.). After washing, the harvested 
sclerotia were dried at room temperature, counted and weighed. Results were 
analysed with ANOVA.  
 
Figure 3.1: Isolate UK.A forming sclerotia on oatmeal with red clover infusion 
after 28 days incubation at 22°C 
 
3.3.1.2. Breaking the dormancy 
Newly formed sclerotia are subjected to dormancy (Delclos and Raynal, 1995). As long 
as the dormancy is not broken, a sclerotium will never form apothecia, even if it is 
brought in adequate conditions for apothecia production. On the other hand, when 
sclerotia with a broken dormancy are placed in suboptimal conditions, they will not 
form apothecia either. So in cases where no apothecia are produced, it is difficult to 
point out whether the problem is due to the dormancy or apothecia induction.  
In the preliminary experiment, seven methods for breaking the dormancy were 
compared. Sclerotia of four S. trifoliorum isolates (Be.A 1, CH.A, Cz.A 1 and Sw.B 1) 
were produced on oatmeal medium with red clover. After washing and drying, 10 g 
sclerotia of each isolate were placed in Weck® 0.5l Tulip jars containing 200 ml 
vermiculite. For treatments in moist conditions, 150 ml demineralised water was 
added. Seven treatments (Table 3.1.) were tested with two repetitions per isolate. 
Induction of apothecia was done at 15°C with 12h fluorescent light per day. The 
number of apothecia per jar was scored after 32 days on a scale from 1 to 3 (0: no 
apothecia, 1: less than 10 apothecia, 2: between 10 and 50 apothecia, 3: more than 50 
apothecia).  
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In the dormancy experiment, the three most promising methods were evaluated in 
more detail on the same four isolates. Sclerotia were rinsed in sterile water for five 
days at 75 rpm at 22°C and incubated in wet vermiculite either for 4 weeks at 28°C, for 
6 weeks at 28°C or for 4 weeks at 28°C followed by 2 weeks at 6°C. After 34 days, the 
exact number of apothecia per jar was counted. Results were analysed with ANOVA.  
Table 3.1: Details of the seven tested treatments to break the dormancy of sclerotia 
Nr. Time (weeks) Temperature Conditions 
1 4 25°C dry 
2 4 30°C dry 
3 4 25°C wet 
4 4 30°C wet 
5 6 30°C dry 
6 4 + 2 30°C 4 wk dry + 2 wk wet 
7 4 + 2 4 wk 30°C + 2 wk 6°C wet 
 
3.3.1.3. Induction of apothecia 
When the dormancy is broken, the induction of apothecia can be initiated (Figure 
3.2.). Previous studies indicate that this should be done between 15°C and 17°C in 
moist conditions with sufficient amounts of white light. In a small, indicative 
experiment, one jar with sclerotia was placed in 120 µmol m
-2
 fluorescent light. A 
second jar containing sclerotia from the same isolate (Be.A 1) was placed in the dark in 
the same incubator and apothecial development in both jars was observed. Results 
should be interpreted carefully because this experiment was done with only one 
isolate and no repetitions. 
 
Figure 3.2: Apothecia appearing on a S. trifoliorum sclerotium after 4 weeks incubation at 15°C 
 
3.3.1.4. Storage of ascospores 
Ascospores were collected on 5 µm Millipore filters in a funnel connected to a vacuum 
cleaner. When the pots with apothecia were opened, ascospores were forcibly 
released into the air. Immediately after opening the lid, the funnel was placed above 
the pot, so that the ascospores were captured on the filter.  
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The viability of ascospores stored in different conditions was determined. Two 
Millipore filters with freshly collected ascospores from isolate Be.A 5 were cut in four 
equal pieces. The initial viability of the ascospores was 81.3%. Each filter piece was put 
in a Petri dish containing silica gel and stored at 4°C, -20°C, -80°C and at -80°C 
immediately after freezing in liquid nitrogen. Viability of ascospores was checked one 
week, two months, eight months and one year after collecting. A small piece was cut 
from each filter, ascospores were gently swapped from the filter with a paint brush in 
a sterile solution of 5 g l
-1
 glucose and 100 µl l
-1
 Tween 20. The ascospore concen-
trations were determined with a Bürker counting chamber and samples were diluted 
to 100 spores ml
-1
. Petri dishes with 20 ml 0.5% water agar were inoculated with 1 ml 
ascospore suspension, with 5 repetitions per sample. Plates were incubated at 15°C 
and the number of germinated spores was counted after 3 days. Results were 
analysed with ANOVA.  
 
3.3.2. High-throughput bio-test 
We optimised a high-throughput bio-test for resistance of young plants that infects 
young plants with ascospores or mycelium fragments, with previously described 
studies in mind (Delclos et al., 1997; Marum et al., 1994; Öhberg, 2005). The effect of 
glucose and Tween 20 in the infection solution on the germination of ascospores was 
investigated. The effects of ascospore concentration, plant age, cold treatment prior 
to infection and incubation time on the disease development were investigated and a 
final protocol was assembled.  
 
3.3.2.1. Effect of ascospore concentration 
Different concentrations of glucose and Tween 20 were evaluated and the number of 
germinated ascospores on 0.5% water agar was counted. Autoclaved demineralised 
water with 5 g l
-1
 glucose and 100 µl  l
-1
 Tween 20 gave the best result, so these 
concentrations were used for all following experiments on plants and detached leaves.  
The high-throughput bio-test was performed in a greenhouse on an ebb and flow table 
covered with opaque plastic foil to obtain 100% humidity. Temperature was kept 
between 15°C and 25°C and tables were flooded daily to maintain high humidity. Two-
month-old plants (10 to 15 cm in size) were sprayed with an ascospore suspension 
until completely wet: 1 to 1.5 ml per plant. The plants were scored on a scale from 1 to 
5, representing the severity of the disease (Figure 3.3.). Healthy plants were given 
score 1 and heavily diseased plants score 5. To calculate a global score for the disease 
expressed, the disease severity index (DSI) was calculated as the percentage of the 
worst possible infection:  
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Figure 3.3: Disease scale from 1 to 5 used to score diseased plants 
in the high-throughput bio-test 
To determine the effect of ascospore concentration on the disease development, 
plants of the cultivar “Global” were inoculated with suspensions of different 
concentrations in a preliminary experiment. Freshly collected ascospores from isolate 
Sw.B 13 were used and their viability was determined as described in 3.3.1.4. 
Concentrations of 5  000, 10 000, 20 000, 40 000, 80  000 and 160 000 viable spores/ml 
were tested along with negative control samples in which only sterile infection 
solution was sprayed. For each concentration, 21 plants were sprayed with 1 ml per 
plant. Incubation was done in plastic boxes in a growth chamber at 15°C and 12h light 
per day. Plants were watered and boxes were covered with a glass plate to maintain 
100% relative humidity and incubated for 14 days. After scoring and calculating the 
DSI, the effect of ascospore concentration was investigated with Kruskal-Wallis tests.  
For purposes of resistance breeding, a high-throughput bio-test should not be 
performed in an incubator with limited space. Therefore, we performed our next 
experiments in a large infection tunnel in a greenhouse where up to 120 trays could be 
incubated simultaneously. Trays (HerkuPlast, QP96T) with 96 pots were sown with five 
cultivars with different susceptibility to clover rot: Astur (12), Milvus (12), Global (12), 
Suez (12) and Mont Calme (12) (Table 3.2.). A sixth cultivar “Lemmon” was sown at the 
edges of the trays to exclude border effects. The other five cultivars were sown in the 
remaining ten columns: each cultivar was sown in two randomly distributed columns.  
Table 3.2: Cultivars used in the high-throughput bio-test experiments with 
their respective susceptibility to clover rot according to the Swiss and 
German variety lists (Bundessortenambt, 2009; Suter et al., 2008) 
Low scores indicate low susceptibility. 
 Cultivar Ploidy Swiss score (./9) German score (./9)  
 Astur 4n 2.9 3.0  
 Milvus 2n 3.2 4.0  
 Global 2n 3.7 5.0  
 Suez 2n 4.2 n.a.  
 Mont Calme 2n 4.6 n.a.  
      1       2        3           4            5 
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Inoculation was done on 12-week-old plants. Plants were cut three weeks prior to 
infection so that young, undamaged leaves were present at the time of infection. 
Based on the previous experiment, concentrations of 20 000, 30 000, 40 000, 50 000 
and 60 000 viable spores/ml were tested along with a negative (0 spores/ml) and a 
positive (200 000 spores/ml) control. A mixture of fresh ascospores from isolates 
Be.A 1, Be.A 5, Be.C and Be.D 1 was used and each ascospore concentration was 
evaluated on two trays. Plants were incubated in 100% humidity and temperatures 
between 15°C and 25°C, with an average temperature of 21°C. Evaporation of 
infection solution on the leaves was prevented by daily watering and by protecting the 
plants from direct sunlight. After 14 days, plants were scored and the DSI was 
determined. Results were analysed with ANOVA.  
 
3.3.2.2. Effect of plant age 
The effect of plant age on the disease development was investigated. Five cultivars 
with different susceptibility were sown together in trays as explained previously 
(3.3.2.1.). Four trays were sown in a greenhouse every two weeks so that plants of 4, 
6, 8, 10 and 12 weeks old were available at the same time. In experiment 1, all plants 
were inoculated with 40 000 spores/ml of a mixture of ascospores from isolates Be.A 
1, Be.A 5, Be.C and Be.D 1. A volume of 1 ml was sprayed per plant and plants were 
incubated in the infection tunnel to be scored after 14 days. Results were analysed 
with ANOVA.  
In experiment 2, the effect of plant age and cutting was investigated at 20 000 
spores/ml. A mixture of freshly collected ascospores from isolates Be.A 2, Be.A 7, 
Be.D 1 and Be.D 5 was used. The interaction between plant age and ascospore 
concentration was determined with ANOVA.  
 
3.3.2.3. Effect of cold treatment 
The effect of cold treatment was assessed on the same cultivars described in 3.3.2.1. 
Plants of 12 weeks old were inoculated with a mixture of freshly collected ascospores 
from isolates Be.A 2, Be.A 7, Be.D 1 and Be.D 5. The effect of cold treatment on the 
disease process was evaluated by incubating plants prior to infection for two weeks at 
2°C with sufficient light and water supply. Control plants of the same age were grown 
in a greenhouse for 2 weeks without cold treatment. The effect was tested at different 
concentrations: 10 000, 20 000, 40 000, 80 000 and 160 000 spores/ml with one cold-
treated and one control tray per concentration. ANOVA was used to investigate the 
effects of concentration, cultivar and cold treatment.  
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3.3.2.4. Mycelium inoculation 
A small experiment was done with mycelium inoculum. Erlenmeyer flasks (100 ml) 
with 25 ml PDB medium were inoculated with a 3 mm PDA disc of actively growing 
culture of isolate Sw.B 13 and sealed with a cotton plug. After 7 days incubation at 
22°C under continuous shaking at 125 rpm, the mycelium was rinsed, brought into 100 
ml of infection solution and homogenised for 3s with an Ultra-Turrax T18 mixer at 
6000 rpm. Suspensions were filtered over a 600 µm filter to remove excessively large 
fragments. Fragments were counted in a Bürker chamber and diluted to 3300 and 
6600 large (> 10 cells) fragments/ml. For each concentration, 21 plants of the cultivar 
“Global” were sprayed with 1 ml per plant. Incubation was done in plastic boxes in a 
growth chamber at 15°C with 12h light per day. Boxes were covered with a glass plate 
to obtain 100% relative humidity. After 14 days, the DSI of each plant was determined 
and results were analysed with a T-test.  
 
 
3.3.3. Bio-test on detached leaves 
Using knowledge from previous research (Delclos et al., 1997; Yli-Mattila et al., 2010), 
we developed a bio-test in which detached leaves are inoculated on water agar with 
an ascospore suspension. The effects of infection method, ascospore concentration, 
incubation time, leaf growth stage and perforation of the leaf on the disease 
development were investigated.  
 
3.3.3.1. Effect of inoculation method 
Fresh mycelium cultures of isolate Be.A 5 were prepared on PDA medium five days 
before inoculation, so that actively growing mycelium was available at the start of the 
inoculation. On the day of inoculation, ascospores of isolate Be.A 5 were suspended in 
infection solution in a concentration of 40 000 viable spores/ml. A total of 125 young 
leaves were cut from 4-month-old plants from the cultivar “Global” and put in Petri 
dishes containing 20 ml 0.5% water agar with their adaxial side up. Five uninoculated 
leaves were used as negative controls. Four inoculation methods were evaluated for 
30 leaves each (Figure 3.4.):  
 Applying ascospore suspension with a paintbrush until completely wet  
 Inoculation with a drop of 5 µl ascospore suspension per leaflet  
 Spraying an ascospore suspension over the leaf until completely wet  




Petri dishes were sealed in plastic to maintain 100% humidity and incubated for 10 
days in a growth chamber at 15°C and 12h light per day. Pictures were taken against a 
blue background after 6 and 10 days. The percentage of infected leaf was determined 










Figure 3.4: The four evaluated inoculation methods on detached leaves 
from the cultivar “Global” after 6 days incubation at 15°C 
 
3.3.3.2. Effect of ascospore concentration 
The effect of ascospore concentration on the bio-test was determined. Young, 
undamaged leaves were cut from 2-month-old plants from the cultivar “Global”. 
Leaves were placed on Petri dishes with 20 ml 0.5% water agar and sprayed with an 
ascospore suspension from isolate Be.A 5 until completely wet. Different 
concentrations were tested: 0, 20 000, 40  000, 50 000, 60 000 and 80 000 spores/ml with 
20 leaves per concentration. The percentage of infected leaf was determined after 10 
and 15 days. The effects of ascospore concentration and incubation time were 
analysed with ANOVA. To determine the repeatability of the bio-test, the experiment 
was performed twice and the correlation was calculated.  
 
3.3.3.3. Effect of the leaves’ growth stage  
To determine the effect of the leaves’ growth stage, two genotypes Rajah 6 and Rajah 
8 were chosen because they belong to a cultivar with moderate susceptibility to clover 
rot and because they could be easily multiplied vegetatively. Multiple ramets were 
made from both genotypes. In experiment 1, 20 leaves of growth stage 0 to 4 were 
inoculated with ascospores. Growth stage 0 is the youngest leaf that is still unopened. 
Stage 1 is the youngest, completely opened leaf. Stages 2, 3 and 4 are older leaves, 
located lower on the stem (Figure 3.15.). Fresh ascospores from isolate CH.A were 
used in a concentration of 80 000 spores/ml and leaves were incubated for 7 days at 
15°C. Results were analysed with ANOVA.  
In experiment 2, the effect of the leaves’ growth stage was studied in more detail. 
Leaves with growth stage 1, 2 and 3 from seven genotypes (Rajah 6, Rajah 8, 
Broadway 2, Crossway 2, Diplomat 8, Avisto 8 and Milvus 10) were incubated on 0.5% 
water agar without inoculation. After 10 days, the percentage of damaged leaf was 
calculated.  
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3.3.3.4. Effect of mechanical damage 
The influence of mechanical damage was assessed on leaves of growth stage 1 from 
two genotypes Rajah 6 and Rajah 8. From each genotype, 20 leaves were perforated 
with a sterile needle with 10 perforations per leaflet (30 per leaf) and 20 leaves were 
kept intact as controls. Leaves were inoculated with 80  000 spores/ml and incubated 
for 12 days at 15°C. This experiment was performed twice with ascospores from 
isolate CH.A and once with isolate Be.C. Results were analysed with ANOVA.  
 
3.3.3.5. Effect of incubation time 
Finally, the effect of incubation time on the detached leaf bio-test was investigated: 
leaves from seven genotypes (Rajah 6, Rajah 8, Broadway 2, Crossway 2, Diplomat 8, 
Avisto 8 and Milvus 10) were inoculated simultaneously. Each time, 10 intact leaves of 
growth stage 1 were inoculated with ascospores from isolate CH.A (80  000 spores/ml). 
The experiment was repeated three times with incubation time 7, 10 and 12 days. The 
effect of incubation time was analysed with Kruskal-Wallis tests.  
 
3.3.3.6. Mycelium inoculation 
Apart from the ascospore inoculation, a mycelium inoculation method was optimised. 
Three isolates Be.A 5, Be.D 1 and Sw.B 13 were inoculated on young leaves from five 
random plants from an experimental population. Five leaves were inoculated per plant 
and per isolate. Leaves were inoculated with a 5 mm mycelium plug from the edge of 
an actively growing colony. To ensure good contact between the mycelium plugs and 
the leaves, mycelium plugs were stuck to the leaves with a drop of 1.0% liquid low 
melting point agar at 37°C. Plates were incubated at 15°C and the percentage of leaf 





3.3.4. Correlations between both bio-tests and field infection 
In experiment 1, the susceptibility of 50 plants from an experimental population was 
compared in the field and in the detached leaf bio-test. Plants from an experimental 
population were randomly selected in the field. For the detached leaf bio-test, five 
young leaves were cut from each plant, incubated on Petri dishes containing 5% 
water-agar and inoculated with freshly collected ascospores from isolate Be.A 5 at 80 
000 ascospores/ml. The percentage of damaged leaf was assessed after 10 days 
incubation. The plants in the field were inoculated an ascospore suspension from 
isolate Be.A 5. A Belgian isolate was chosen because of biosafety reasons. Plants were 
sprayed until runoff with 60 000 viable ascospores/ml: around 5 ml was sprayed per 
plant. After inoculation, the plants were left untouched and the disease was allowed 
to develop naturally. The experiment was done in early November 2009, during a five 
day period of humid, damp weather with temperatures between 5 and 10°C.  
In experiment 2, the correlation between the high-throughput bio-test and the bio-
test on detached leaves was determined. We selected three isolates with low, medium 
and high aggressiveness (determined in Chapter 4): Sw.B 9, It.A 4 and Nl.A 1. Six 
genotypes that were easy to propagate vegetatively were selected for their different 
susceptibility to clover rot (determined in Chapter 5): Global 3, Broadway 3, Labberud 
10, C208 3, C208 7 and C64 8. Multiple ramets were made from each genotype, so 
that at least 45 ramets were available per genotype. First, 15 leaves of each genotype 
were inoculated with ascospores from the six isolates. Subsequently, 15 ramets from 
each genotype were inoculated with ascospores from either six isolates in the high-
throughput bio-test. Negative controls were included in both trials. The correlation 
between both bio-tests was calculated by using the average scores for each genotype - 
isolate combination. 
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3.4. Results and discussion 
3.4.1. Ascospore production 
3.4.1.1. Production of sclerotia 
The growth speed of isolates UK.A and Po.C 1 on ten agar-based culture media is 
shown in Figure 3.5.  
 
Figure 3.5: Growth (± SE) of Sclerotinia mycelium from two isolates 
 Po.C 1 and UK.A on ten agar-based culture media (n = 6) 
n indicates the number of observations per datapoint. 
It will be used in most figures throughout this thesis 
Mycelium started to grow after a lag phase of about one day. Growth speed on clover 
agar, V8 juice agar, carrot agar, pea agar, PDA, oatmeal agar and malt yeast agar are in 
the range of 1 cm per day. S. trifoliorum grew more rapidly on nutrient rich culture 
media, however: on MDPA, growth speeds of 1.5 cm/day were recorded after 2 days. 
Poor media such as cornmeal agar and Czapek Dox medium slowed mycelial growth 
down. Even after six days on Czapek Dox medium, mycelium tips did not reach 1 cm.  
Sclerotia production was evaluated on the same culture media described above in a 
preliminary trial. Sclerotia production was very low on poor media such as cornmeal 
agar (0.010 g/plate) and Czapek Dox agar (0.035 g/plate). On most media, between 0.2 
g and 1.0 g sclerotia were produced per Petri dish, e.g. 0.386 g/plate on PDA. Oatmeal 
agar, however, generated on average 2.918 g/plate of large sized sclerotia. Oatmeal 
seemed to be a very suitable medium for sclerotia production. In Figure 3.6, pictures 
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Figure 3.6: Sclerotia production of isolate UK.A on three solid culture media: 
cornmeal agar (A), PDA (B) and oatmeal agar (C) after four weeks incubation at 22°C 
In the sclerotia production experiment, four cereal-based media were tested in more 
detail. Because autoclaved potato slices were used in many previous studies (Delclos 
and Raynal, 1995; Marum et al., 1994), we also included them in our study. On 
oatmeal-clover medium, many large sclerotia were produced. On potato medium only 
small sclerotia formed and sclerotia were difficult to harvest. With an average yield of 
over 14 g per jar, significantly more sclerotia were produced after 25 days on oatmeal-
clover medium than on the other media. The average sclerotia production per jar of 
isolate UK.A after 25 days growth on five different culture media is given in Figure 3.7. 
The oatmeal-clover was used to produce sclerotia for all following experiments 
involving ascospore production.  
 
Figure 3.7: Sclerotia production of isolate UK.A (± SE) on five culture media 
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3.4.1.2. Breaking the dormancy 
In the preliminary experiment, three isolates produced apothecia after some methods, 
but isolate Sw.B 1 never produced apothecia. This isolate may either be the sterile 
mating type, so that it is not capable to self-fertilise (see 1.2.1.), or it could be an 
isolate with a strong dormancy that is not broken with either of our evaluated 
methods. Most methods resulted in less than 10 apothecia per jar. Incubation at 25°C 
or 30°C made no difference. Incubating 4 or 6 weeks at 30°C in dry conditions also did 
not make a difference. Only after adding a two-week step in the refrigerator after four 
weeks at 30°C in wet conditions, apothecia production rose to more than 50 apothecia 
per jar.  
In the dormancy experiment, apothecia production was studied in more detail (Figure 
3.8.). 
 
Figure 3.8: Apothecia production (± SE) of four isolates  
after breaking the dormancy with three different methods (n = 5) 
Average numbers of apothecia produced after the three treatments were 53.7 (4 
weeks 28°C), 53.8 (6 weeks 28°C) and 74.4 (4 weeks 28°C and 2 weeks 6°C). Isolate 
CH.A produced more, though not significantly more apothecia than the other three 
isolates after all treatments. Possibly this isolate has a weaker dormancy that is more 
easily broken. For all isolates, apothecia production was significantly higher (p = 0.002) 
after a two week cold treatment. Statistical analysis indicated that there was an effect 
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Later experiments revealed that carpogenic germination was stimulated by 
introducing a washing step before breaking the dormancy. Sclerotia can undergo 
myceliogenic germination or carpogenic germination, but either kind of germination 
prevents the other one from occurring. Probably the washing step prevents 
myceliogenic germination by washing away medium leftovers, so that carpogenic 
germination is facilitated. Steadman and Nickerson (1975) showed that several 
compounds, including high concentrations of sugars such as glucose, sucrose and 
trehalose, inhibit carpogenic germination. Dillard et al. (2001) presumed that 
inhibitors for apothecia production are formed inside sclerotia or on their surface. A 
washing step would leach away these inhibitors and stimulate carpogenic germination. 
Moreover, this washing step would provide an optimal environment for fertilisation of 
oogonia by microconidia that are released into the water (Rehnstrom and Free, 1993). 
Indeed, we found that carpogenic germination was increased considerably when a 
small amount of washing water from other isolates was added during the washing 
step (results not shown).  
Dillard et al. (2001) tested different conditions to break the dormancy in sclerotia of S. 
sclerotiorum: ascospore production was largest when sclerotia were conditioned for 8 
weeks under constant rinsing. In other research on S. sclerotiorum, rinsed sclerotia 
produced apothecia earlier and in greater frequency than sclerotia not subjected to a 
washing step (Casale and Hart, 1983). Our findings are consistent with these results.  
Finally, we observed that apothecia production increased spectacularly when newly 
produced sclerotia were stored at 4°C for a few months before starting the apothecia 
induction. Probably the prolonged resting period helps to break the dormancy more 
thoroughly.  
 
3.4.1.3. Induction of apothecia 
Previous studies indicate that white light should be used to stimulate carpogenic 
germination. Yet our first experiments pointed out that when white TL light was used, 
apothecial stipes (stems of the mushroom without the apothecial disc) did not develop 
into mature apothecia. Instead, a light spectrum resembling that of daylight was 
needed for them to differentiate into mature apothecia. Integrating a fluorescent 
component such as Grolux® or Fluora® (1 fluorescent lamp per 4 white lamps) into the 
light spectrum overcame the problem. The total light intensity should be between 120 
and 150 µmol m
-2
. A small experiment showed that sclerotia in the dark only produced 
apothecial stipes, while apothecia appeared abundantly on the sclerotia from the 
same isolate in the light. When fluorescent light was given to the apothecial stipes, 
differentiation into apothecia initiated as such.  
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3.4.1.4. Storage of ascospores 
Figure 3.9. shows the absolute percentage of ascospores that germinated after storage 
under different conditions during one week, two months, eight months and one year. 
The viability at the time of collection was 81.3%. When ascospores were stored at -
20°C or -80°C with or without freezing in liquid N2, viability remained around 40% up 
to one year after storage. After 10 weeks storage, viability seemed to have increased, 
though not significantly. We cannot explain this effect, but it may be due to the large 
variability between measurements. After 56 weeks, viability of ascospores stored at 
4°C was significantly lower than that of ascospores stored at other temperatures (p < 
0.01). In previous research, ascospores of S. trifoliorum were shown to survive up to 
one year at 4°C and -20°C in dry conditions (Delclos and Raynal, 1995; Marum et al., 
1994). Our results are consistent with these findings.  
 
Figure 3.9: Ascospore survival over time after storage in different conditions (n = 10) 
 
3.4.1.5. Final protocol 
The final protocol is as follows. A quantity of 1 kg clover is chopped and mixed with 2 
kg oatmeal, 30 g sucrose and 3l tap water. Glass jars are filled with 75 g of this mixture 
and autoclaved for 20 min at 121°C. Inoculation is done with five mycelium plugs and 
cultures are allowed to grow for 30 days. In the middle of the incubation, the culture is 
mixed thoroughly and sterile water is added if the medium becomes too dry. After 30 
days, sclerotia are harvested, thoroughly rinsed and incubated in sterile water under 
gentle shaking (75 rpm) to wash away medium leftovers and to allow fertilisation of 
oogonia. To break the dormancy, 0.5l Weck pots are filled with 200 ml vermiculite and 
150 ml water. After autoclaving, about 30 sclerotia are placed in one jar at a depth of 1 
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at 4 to 6°C. Apothecia are induced by placing the jars with sclerotia at 15°C and 
120 to 150 µmol m
-2
 fluorescent light. Apothecia should appear after 3 to 4 weeks and 
ascospores can be harvested 1 week later. Ascospores can be collected daily when 
apothecia have received several hours of light. Ascospores are collected with a 
vacuum cleaner connected to a filter holder with funnel holding a 5 µm Millipore filter. 
Spores are stored on the filter at 4°C or -20°C in a Petri dish with silica gel as a drying 
agent.  
Previous methods for the production of S. trifoliorum ascospores in vitro were also 
successful (Delclos and Raynal, 1995; Marum et al., 1994). In our study, we further 
optimised the culture medium for sclerotia production, so that many large sclerotia 
can be harvested more efficiently. Furthermore, the conditions to break the dormancy 
and to induce apothecia were studied in more detail than previous studies have done. 
Finally, we studied the viability of ascospores during more than one year storage in 
different conditions. Marum et al. (1994) indicated that ascospores could be stored up 
to one year at -20°C with good viability, but unlike in our study, no details were given.  
 
3.4.2. High-throughput bio-test 
3.4.2.1. Effect of ascospore concentration 
The effect of the ascospore concentration on the DSI of plants from the cultivar 
“Global” after inoculation in a growth chamber is given in Figure 3.10.  
 
Figure 3.10: DSI (± SE) of plants from the cultivar “Global” after inoculation 



















0 20 40 60 80 100 120 140 160 180 
DSI (%) 
ascospore concentration (x 1000 spores/ml) 
Development of Bio-tests 
77 
The DSI went up with ascospore concentration up to 20 000 spores/ml and then 
remained constant until 160  000 spores/ml. Three significant groups were identified (p 
< 0.001). In later experiments, the influence of the ascospore concentration on the DSI 
was tested in an infection tunnel in a greenhouse on five cultivars with varying 
susceptibility to clover rot. The result is given in Table 3.3.  
Table 3.3: DSI (± SE) of plants from five red clover cultivars with different susceptibility 
after inoculation with different concentrations of ascospores in an infection tunnel (n = 24) 
a,b,c
 indicate significant differences in DSI between ascospore concentrations (p < 0.05).  
Ascospore 
concentration 
(x 1000 sp/ml) 
DSI ± SE (%) 
Astur Milvus Global Suez Mont Calme 
0 18.8
 a
 ± 6.3 14.6
 a
 ± 6.5 06.3
 a
 ± 4.5 10.4
 a
 ± 4.8 18.2
 a
 ± 5.9 
20 71.9
 b
 ± 4.3 63.5
 b
 ± 3.4 67.7
 b
 ± 4.6 66.7
 b
 ± 3.9 76.0
 b
 ± 3.5 
30 66.7
 b
 ± 4.7 69.8
 b
 ± 4.3 67.7
 b
 ± 4.6 58.3
 b
 ± 4.7 79.2
 b
 ± 4.4 
40 83.3
 b
 ± 3.6 69.6
 b
 ± 4.1 72.9
 b
 ± 4.7 72.9
 b
 ± 4.7 78.1
 b
 ± 3.1 
50 70.8
 b
 ± 3.6 70.8
 b
 ± 4.9 79.2
 b
 ± 4.9 52.4
 b
 ± 4.9 79.2
 b
 ± 4.2 
60 75.0
 b
 ± 4.5 78.1
 b
 ± 3.5 71.9
 b
 ± 4.1 53.1
 b
 ± 5.7 78.3
 b
 ± 3.9 
200 72.9
 b
 ± 8.4 72.9
 b
 ± 3.7 72.9
 b
 ± 5.7 75.0
 b
 ± 6.2 85.4
 b
 ± 3.7 
Some control plants suffered minor damage similar to clover rot symptoms and were 
given score 2. These symptoms were most likely due to the prolonged period of high 
humidity rather than cross contamination with Sclerotinia. In this way, the 
uninoculated controls obtained DSI scores between 6.3% and 18.8%. In all five 
cultivars, infected plants had a significantly higher DSI than control plants (p < 0.001). 
Increasing ascospore concentrations between 20  000 and 200 000 spores/ml did not 
result in significantly higher DSI scores. There was a small, though significant effect of 
cultivar (p < 0.001), but no significant interaction between cultivar and ascospore 
concentration (p = 0.072). When cultivars were analysed separately, “Astur”, “Milvus”, 
“Global” and “Mont Calme” had no significant difference between the different 
concentrations. Only for “Suez”, 40  000 spores/ml gave significantly higher DSI than 50  
000 (p = 0.039) and 60  000 spores/ml (p = 0.039). This finding may be due to 
coincidence.  
The effects of ascospore concentration on the disease development were similar in 
the growth chamber as in the infection tunnel in the greenhouse. The large standard 
errors seen in Table 3.3. are most likely due to the typically large diversity in 
genotypes within red clover cultivars.  
The ascospore concentration does not seem to have a large influence on the DSI, so 
the bio-test can be applied with any concentration between 20  000 and 200 000 





3.4.2.2. Effect of plant age 
The effect of plant age on the DSI is given in Figure 3.11 for two ascospore 
concentrations. The amount of cuts that was applied to each age group is indicated.  
 
Figure 3.11: DSI (± SE) of five cultivars “Astur”, “Milvus”, “Global”, “Suez” 
and “Mont Calme” at different plant ages and two ascospore concentrations 
(20 000 spores/ml: n = 240; 40 000 spores/ml: n = 120). 
At both concentrations, the disease scores were most variable within the 4-week age 
group. At this age, plants are still small and unbranched, so that plants either die off 
quickly or remain healthy with little room for variation in between. At 20  000 
spores/ml, DSI scores varied between 45.7% (“Milvus”) and 76.0% (“Mont Calme”). 
There were small but significant effects of plant age (p < 0.001) and cultivar (p = 
0.003), but no interaction between them (p = 0.658). At 40  000 spores/ml, DSI scores 
between 49.0% (“Suez”) and 83.3% (“Astur”) were observed. There was a significant 
effect of cultivar (p < 0.001) but no effect of plant age (p = 0.264) and there was no 
interaction (p = 0.159). At 20 000 spores/ml, regression was significant (p < 0.001) but 
small: the DSI increased with 0.304% when plant age increased with one day. 
Regression analysis on the experiment at 40 000 spores/ml indicated no significant 
regression between plant age and DSI.  
In other words, the DSI depended only little on plant age between 4 and 12 weeks in 
our bio-test. This is consistent with previous research in which the response of 6 to 8 
weeks old plants was compared with that of 12 to 14 weeks old plants (Arseniuk, 
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3.4.2.3. Effect of cold treatment 
The average effect of a two week cold treatment at 2°C prior to inoculation on the 
disease development of five cultivars is given in Figure 3.12.  
 
Figure 3.12: DSI (± SE) of five cultivars “Astur”, “Milvus”, “Global”, “Suez” and “Mont Calme” 
at different ascospore concentrations after being cold treated prior to inoculation (n = 60) 
Plants that were cold treated prior to inoculation had an average DSI of 36.6%, while 
control plants had an average DSI of 50.5%. The cold treatment lowered the DSI 
significantly (p < 0.001) and some interaction was present between cold treatment 
and ascospore concentration (p < 0.001). No effect of cultivar was detected (p = 0.392) 
and there was no interaction between cold treatment and cultivar (p = 0.064). In other 
words, the response to a cold treatment was similar for the five cultivars.  
Öhberg (2005) investigated the effect of cold treatment prior to inoculation with 
ascospores and mycelium fragments on the cultivar “Björn”. Plants that were cold 
treated between 0°C and 2°C for 2 weeks had a higher survival rate after ascospore 
inoculation (24.3%) than unhardened plants (17.2%). A similar result was obtained 
when mycelium inoculum was used. Arseniuk (1989) also found that rotting of 
hardened plants progressed significantly slower in comparison to non-hardened 
controls. Moreover, hardening plants prior to inoculation tended to increase the 
variation in disease scores. This higher variation in disease scores among cold treated 
plants was not observed in our experiment, though, where the standard deviation on 
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During the hardening process, plants accumulate high contents of certain 
carbohydrates and amino acids that protect them both against cold and fungal attacks 
(Arseniuk, 1989). In many crops, cold acclimation induces not only freezing tolerance 
but also resistance against pathogens such a snow moulds (Kuwabara and Imai, 2009). 
In wheat for example, the decrease in air temperature in late autumn is correlated 
with increasing snow mould resistance. Controlled environment tests with wheat 
plants revealed that the incubation time needed to achieve 50% mortality increased 
from 6 to 14 days after a week cold treatment between around 4°C (Kuwabara and 
Imai, 2009; Nakajima and Abe, 1996). In different crops, low temperatures have been 
shown to induce the formation of PR (pathogenesis related) proteins and antifreeze 
proteins. Antifreeze proteins bind to ice crystals in the apoplast to prevent their 
extension and fusion. Griffith et al. (1992) found that apoplastic antifreeze proteins 
from cold-acclimated winter rye leaves have sequence similarity to -1,3-glucanase 
and chitinase enzymes. The chitinase-like protein actually exhibited enzymatic activity, 
indicating that it has both an antifreeze and antifungal function. This type of proteins 
with a dual function could be a strategy plants use to acquire snow mould resistance 
as well as freezing tolerance in order to increase survival chances during the winter 
(Kuwabara and Imai, 2009). Similar proteins may be produced in red clover plants 
during cold treatment. Another reason may be that selection for winter hardiness is 
partly selection for clover rot resistance, as clover rot is one of the factors weakening 
plants during the winter. This may be the reason why winter hardy cultivars are more 
resistant to clover rot.  
Although disease resistance and freezing tolerance are both triggered by low 
temperature, it remains unclear if they are regulated by the same signal transduction 
pathway (Kuwabara and Imai, 2009). It also remains unclear whether cold treatment is 
required for the expression of resistance, as suggested by Öhberg (2005) and 
Kuwabara and Imai (2009). In our experiments, however, we observed no interaction 
between cold treatment and the cultivars’ susceptibility level. On the other hand, our 
five cultivars did not show a large differentiation for clover rot resistance, so that 
possible interactions may remain hidden.  
 
3.4.2.4. Mycelium inoculation 
The average DSI for plants inoculated with 6600 fragments/ml (75.0%) was 
significantly higher than for plants inoculated with 3300 fragments/ml (51.2%)  
(p < 0.001). We have chosen to use 5000 to 10 000 fragments/ml in future 
experiments. In this experiment incubation time was 14 days, but 10 days would be 
more suitable because the disease had progressed too far after 14 days.  
Ascospore and mycelium inocula have been compared before by various authors. 
Generally, only minor differences were found for plant survival rate or disease severity 
In the experiments of Dijkstra (1964), ascospore inoculation did not reveal the 
resistance better than mycelial inoculation, yet some red clover cultivars reacted 
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differently to both inocula. Later researches also indicated a similar response to both 
inoculation methods, although some exceptions have been recorded (Delclos and Duc, 
1996; Marum et al., 1994). According to Öhberg (2008), when different inocula were 
used in a controlled environment, mycelial inocula resulted in more severe infections 
than ascospore inocula. We have also observed this in our experiments. Yet 
ascospores need two to three days to complete germination and infect the leaves, 
while mycelium fragments are able to start infecting immediately after inoculation. 
This is why we propose to incubate trials with ascospores for 14 days and trials with 
mycelium fragments for 10 days.  
We have chosen to work with ascospores whenever possible because they are the 
natural inoculum. But ascospore production is not possible for all isolates. Some of our 
isolates will have the sterile mating type and cannot self-fertilise. Other isolates may 
have a strong dormancy that is not broken with our protocol. Therefore, we have 
chosen to inoculate plants with mycelium fragments to compare the aggressiveness 
among different Sclerotinia isolates in Chapter 4.  
 
3.4.2.5. Final protocol 
The final protocol for the high-throughput bio-test used in the following experiments 
was as follows. The bio-test on young plants is performed in a greenhouse on an ebb 
and flow table covered with opaque plastic foil to obtain 100% humidity. Plants are 
two to three months old and are cut once or twice, at the latest two weeks prior to 
inoculation so that young, undamaged leaves are present at the start of infection. 
Temperature should be between 15°C and 25°C and tables should be flooded daily to 
maintain high humidity. Plants are inoculated with 1 to 1.5 ml ascospore suspension 
(20 000 to 80  000 viable spores/ml). After 14 days incubation, plants are scored and the 
DSI is calculated.  
For inoculation with mycelium fragments, mycelium is grown in PDB for 7 days at 22°C 
under shaking at 125 rpm. Mycelium is rinsed, homogenised for three seconds with an 
Ultra-Turrax T18 mixer at 6000 rpm and filtered over a 600 µm wire sieve. Only 
fragments larger than 10 cells are counted and the suspension is diluted to 5000 or 10 
000 fragments/ml. Plants are spray-inoculated with 1 to 1.5 ml mycelium suspension 




3.4.3. Bio-test on detached leaves 
3.4.3.1. Effect of inoculation method 
Delclos et al. (1997) inoculated red clover leaves by applying infection solution with a 
paintbrush. Yli-Mattila et al. (2010) inoculated leaves with a drop of infection solution. 
We compared these inoculation methods along with spraying an ascospore suspension 
and applying a mycelium plug after 6 and 10 days incubation at 15°C (Figure 3.13.).  
 
Figure 3.13: Infected leaf area (± SE) of detached leaves from the cultivar “Global” 
6 or 10 days after inoculation with different methods (n = 30) 
After 6 and 10 days, mycelium inoculation caused the most damage, followed by spray 
and drop inoculations. Inoculation with a paintbrush resulted in the lowest damage. 
Uninoculated controls were not damaged after 10 days incubation. The mycelium 
plugs infected most leaves successfully, yet some leaves were not infected at all. In 
these cases, infection was inhibited by insufficient contact between the mycelium plug 
and the leaf. Luckily, this problem can be overcome by gluing the mycelium plug to the 
leaf, e.g. with a drop of liquid agar at low temperature. Inoculation with a paintbrush 
resulted in slow infection and many leaves were not infected at all. Even after 10 days 
incubation, no infection had taken place although the ascospore suspension was still 
present on the leaves’ surfaces. This method is obviously not suitable as it cannot 
guarantee successful infection in all samples. The drop and spray inoculations resulted 
in a reliable infection. Spray inoculated leaves were more infected than leaves 
inoculated with a drop. Spray inoculation was also the least labour intensive. 
Inoculation with a mycelium plug is more labour intensive, but does not require 
ascospores. The spray inoculation and the mycelium plug inoculation with small 
adaptations were retained for further experiments. The drop inoculation was used for 
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3.4.3.2. Effect of ascospore concentration 
The effect of the ascospore concentration on the detached leaf bio-test is given in 
Figure 3.14.  
 
Figure 3.14: Infected leaf area (± SE) of detached leaves from the cultivar “Global” determined 
10 and 15 days after inoculation with different concentrations of ascospores (n = 40) 
Higher ascospore concentrations resulted in significantly more infection (p < 0.001) 
after 10 days and 15 days of incubation. As expected, infection was higher after 15 
days of incubation compared to 10 days of incubation (p < 0.001). There was no 
interaction between ascospore concentration and incubation time (p = 0.54). In other 
words, incubating leaves for 15 days did not yield more information than 10 days 
incubation. The infected leaf area increased with 0.45% when ascospore 
concentrations rose with 1000 spores/ml.  
The experiment was repeated twice for both incubation times. Correlations between 
both repetitions were calculated as a measure for repeatability. At 10 days, r = 0.94 (p 
= 0.005) and at 15 days r = 0.91 (p = 0.011). In other words, our bio-test was well 
repeatable. We have chosen to use 80  000 spores/ml in our following experiments on 
detached leaves.  
  
y = 0.45x + 1.92 
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3.4.3.3. Effect of the leaves’ growth stage 
In experiment 1, the effect of the leaves’ growth stage on the DSI was evaluated on 
leaves from genotypes Rajah 6 and Rajah 8. These genotypes were chosen because 
they could be easily propagated. Stage 0 is the newest leaf, as-yet unfolded leaf. Leaf 1 
is the youngest, completely opened leaf. Leaves 2, 3 and 4 are older leaves, located 







Figure 3.15: (A) Representation of leaf growth stages 0 to 4 in red clover 
(B) Infected leaf area (± SE) of detached leaves with different growth stages from genotypes 
“Rajah 6” and “Rajah 8”, determined 7 days after inoculation (n = 40) 
The percentages of damaged leaf in uninoculated control samples are indicated in bars.  
Leaves of growth stage 0 were not susceptible to infection. These leaves had a waxy 
cuticle and much denser pubescence than older leaves, so that the ascospore 
suspension did not stick to the leaf and leaves did not get infected. Older leaves got 
more heavily infected, yet also the control samples had a higher degree of leaf 
damage. Probably, these older leaves were already damaged, e.g. by wind shearing or 
by sucking insects such as aphids, so that Sclerotinia mycelium could enter the leaf 
more easily. 
The same effect was shown in experiment 2. After 7 days incubation, stage 1 leaves 
were only 0.38% ± 0.06% damaged, stage 2 leaves 12.85% ± 6.86% and stage 3 leaves 
42.55% ± 9.09%. Moreover, leaves with growth stages 2 and 3 showed large variation 
between genotypes, probably because some leaves were more heavily damaged prior 
to infection. To overcome this problem, we have chosen to always use the first 
completely opened leaf (stage 1). Because infection of stage 1 leaves after 7 days was 
low, incubation time was raised from 7 to 10 days. Control leaves with stage 1 easily 
survived for 10 days without any signs of decay. The influence of damaging leaves 
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3.4.3.4. Effect of mechanical damage 
We investigated if damaged leaves were more rapidly infected by perforating leaves of 
genotypes Rajah 6 and Rajah 8 prior to inoculation (Figure 3.16.).  
 
Figure 3.16: Infected leaf area (± SE) on detached leaves from two genotypes 
“Rajah 6” and “Rajah 8” that were perforated left intact prior to inoculation, 
measured 10 days after inoculation (n = 60) 
Punctured leaves were significantly more infected (p < 0.001). When intact leaves 
were used, Rajah 6 was significantly more infected than Rajah 8 (p < 0.001). 
Apparently, Rajah 6 was more susceptible than Rajah 8. But when perforated leaves 
were used, the difference in resistance level was no longer detected (p = 0.997). This 
indicates that the cuticle and/or cell wall of clover leaves may be an important barrier 
to prevent Sclerotinia mycelium from entering.  
 
3.4.3.5. Incubation time 
The effect of incubation time was tested on stage 1 leaves from seven genotypes. The 
experiment was repeated three times with different incubation times (Figure 3.17.). 
Incubation for 10 or 12 days resulted in significantly more infection than 7 days 
incubation (p < 0.001). No significant difference was detected between 10 and 12 days 
incubation (p = 0.25). Although variation between the repetitions was present, the 
results were repeatable and the same differences in susceptibility between the seven 
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Figure 3.17: Infected leaf area (± SE) on detached leaves from seven genotypes 
after different incubation times (n = 10) 
Correlations between the experiments are given in Table 3.3. There was a good 
correlation between 7 and 10 days incubation and between 10 and 12 days 
incubation. Between 7 and 12 days incubation the correlation was low and not 
significant. Probably the differences in resistance level that were visible after 10 and 
12 days were not clearly visible yet after 7 days. As incubating 12 days did not yield 
more information than incubating 10 days, we have chosen to incubate 10 days in 
future experiments on detached leaves with ascospore inoculum.  
Table 3.3: Correlations of infection rate with their respective p-values between 3 repetitions 
of the bio-test on detached leaves on seven genotypes at 7, 10 and 12 days incubation 
Incubation time 7 days 10 days 12 days 
7 days r = 1.00   
10 days r = 0.77 (p = 0.043) r = 1.00  
12 days r = 0.57 (p = 0.181) r = 0.89 (p = 0.008) r = 1.00 
 
3.4.3.6. Mycelium inoculation 
A plug of mycelium from three isolates Sw.B 13, Be.A 5 and Be.D 1 was inoculated on 
leaves from five randomly selected plants. Mycelium was stuck to the leaves with a 
drop of liquid agar. Results are given in Figure 3.18. Plant 4 was the most susceptible 
with an average score of 83.6% and plant 5 was the most resistant with an average 
score of 49.1%. No significant differences were detected between isolates (p = 0.927) 
or between plants (p = 0.130). Although some degree of interaction between isolates 
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should be interpreted with care, because each isolate was inoculated on only five 
leaves from each genotype and the experiment was not repeated. Therefore, it is 
difficult to prove significant differences or significant interaction.  
 
 
Figure 3.18: Infected leaf area (± SE) of five randomly selected plants 10 days 
after mycelium inoculation with three isolates Sw.B 13, Be.A 5 and Be.D 1 (n = 5) 
 
3.4.3.7. Final protocol 
A final protocol for our detached leaf bio-test was assembled. Undamaged leaves are 
cut, rinsed shortly and transferred to Petri dishes containing 20 ml 0.5% water agar. 
Only the youngest, completely opened leaves (stage 1) are used. Inoculation is done 
either with an ascospore suspension or with a plug of mycelium. For ascospore 
inoculation, a suspension of 80  000 spores/ml is sprayed over the leaves until runoff. 
Petri dishes are sealed with Parafilm or in plastic and incubated in a growth chamber 
at 15°C with 12h light per day. After 10 days, pictures are taken against a blue 
background. The percentage of leaf damage is determined with Assess software 
(Lamari, 2002). Leaf and lesion area are discriminated by hue, saturation and intensity. 
Values for the total leaf area are set between 60 and 190, values for infected leaf area 
between 105 to 115 and 190, depending on the brightness of the picture. Leaf area is 
dilated and eroded by 1 pixel to close gaps and the percentage of damaged leaf is 
calculated.  
For inoculation with a mycelium plug, a 3 mm mycelium plug is cut from the edge of a 
Sclerotinia culture and stuck to the leaf with 80 ml of 10 gl
-1
 liquid low melting point 
agar at 37°C. When the agar becomes solid after a few minutes, plates are sealed with 
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3.4.4. Correlations between both bio-tests and field infection 
Our attempt to compare the susceptibility of 50 plants in the field and by the bio-test 
on detached leaves was unsuccessful. In the detached leaf bio-test, leaf damage 
percentages were between 3.1% and 94.8%, with an average of 32.3% ± 24.0%. In the 
field, leaves remained wet for the first two to three days, yet clover rot did not 
develop and no damage was observed on either of the plants in spring. Probably, 
infection was not accomplished because of unfavourable weather conditions during 
the winter season. It remains difficult to compare the bio-tests with natural infection 
because of the large effect of weather conditions on the development of clover rot.  
In experiment 2, the correlation between the high-throughput bio-test and the 
detached leaf bio-test was r = 0.57. Negative controls were not infected in either trials. 
Although fairly low, this correlation was significant (p = 0.014). Results are given in 
Figure 3.19. A plausible explanation for the observed low correlation is that defence 
mechanisms are different in leaves and plants. While in leaves, passive barriers such as 
the strength of the epidermis, cuticle and presynthesized compounds are important, 
plants also dispose of active defences such as phytoalexins, translocation of 
compounds from other organs and newly synthesized detoxifying enzymes. As only a 
part of the defences may be the same in leaves and plants, one can expect only a 
partial correlation. Arseniuk (1989) compared their detached leaf bio-test with 
inoculation on whole plants: results obtained on both bio-tests coincided. Delclos 
(1997) found that their detached leaf test coincided fairly with inoculations on living 
plants and with the susceptibility in the field. Our results are consistent with these 
previous researches. 
 
Figure 3.19: Correlation between the high-throughput bio-test and the in vitro bio-test on 
detached leaves assessed on ramets of six genotypes “Global 3”, “Broadway 3”, “Labberud 
10”, “C208 3”, “C208 7” and “C64 8” with three isolates Nl.A 1, It.A 3 and Sw.B 9 
(light grey: isolate Nl.A 1; medium gray: isolate It.A 4; dark grey: isolate Sw.B 9). 
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3.5. Summary 
A protocol for ascospore production was optimised. Sclerotia are grown for 4 weeks 
on a mixture of oatmeal and red clover, washed and stored at 4°C. The best method to 
break the dormancy is to incubate sclerotia for 4 weeks between 25°C and 30°C in 
moist conditions, followed by a 2 week period at 4°C. The best results are obtained 
when newly produced sclerotia are stored for a few months at 4°C before breaking the 
dormancy. Apothecia induction is done at 15°C under 120 to 150 µmol m
-2
 of 
fluorescent light. Ascospores can be stored at -20°C or -80°C for more than one year 
without loss of viability. When stored at 4°C, viability starts to drop after one year.  
A high-throughput bio-test was optimised to inoculate plants with a suspension of 
ascospores or mycelium fragments. Mycelium inoculation should be done with 5000 
to 10 000 fragments/ml and incubation time should be 10 days. Plants inoculated with 
ascospores should be incubated for 14 days. The ascospore concentration had only a 
minor influence on the DSI. We have chosen to inoculate our plants with 40  000 
spores/ml. Plant age only had a minor effect: the DSI increased with 0.012% when 
plant age increased with one day. Plants that were cold treated for two weeks prior to 
inoculation had 13.9% lower DSI scores than control plants.  
A more precise in vitro bio-test on detached leaves was optimised. Leaves are 
incubated on 0.5% water agar at 15°C and can be inoculated with a plug of mycelium, 
by spraying an ascospore suspension or with a drop of ascospore suspension. 
Inoculations with a drop of infection solution or with a paintbrush, as used by previous 
researchers, were not repeatable in our experiments. For inoculation with ascospores, 
the leaf damage increased linearly with ascospore concentration. There was no 
interaction with incubation time but 10 days incubation was most informative. We 
have chosen to inoculate with 80  000 spores/ml in further experiments. The leaves’ 
growth stage had an important effect on the disease. Damage levels increased 
significantly with leaf age, but this effect was also seen in the uninoculated controls. 
Therefore, only the youngest completely opened leaves should be used in this bio-
test. When inoculation with a mycelium plug is performed, plugs should be glued to 
the leaf with a drop of 1.0% liquid water agar at 30°C.  
The correlation between the detached leaf bio-test and field infection could not be 
determined. The correlation between the high-throughput bio-test and the detached 
leaf bio-test was r = 0.57. This correlation was significant and coincided with results 
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Today, little is known about the pathogenicity and variation in morphological 
characters among Sclerotinia isolates from red clover. Although various studies have 
compared the susceptibility of red clover plants to S. trifoliorum, little is known about 
the susceptibility of red clover to S. sclerotiorum. Aggressiveness of S. trifoliorum and 
S. sclerotiorum isolates has never been compared on red clover. To our knowledge, 
the relation between morphological characters and pathogenicity has never been 
studied in S. trifoliorum.  
To get insight into differences in aggressiveness among Sclerotinia isolates from red 
clover, a set of 30 genetically diverse Sclerotinia isolates from 24 locations in 12 
European countries was chosen. Both S. trifoliorum (26) as well as S. sclerotiorum (4) 
isolates were included. For all 30 isolates, morphological characters such as in vitro 
growth rate, in vitro production of sclerotia and in vitro secretion of oxalate were 
determined. The isolates’ aggressiveness was determined by the detached leaf bio-
test and the bio-test on young plants. The correlations between the morphological 
characters and aggressiveness were estimated. Aggressiveness on detached leaves 
was determined on intact leaves as well as on punctured leaves to determine whether 
the isolates’ aggressiveness was different on damaged leaves. Finally, the infection 
process of five isolates with different aggressiveness was compared microscopically on 
detached leaves from three plant genotypes. The speed of ascospore germination, 
formation of appressoria and host cell penetration were studied and compared 





4.2.1. Influence of pathogenicity in infection assays 
Resistance breeding requires knowledge on the pathogens’ diversity and 
pathogenicity: if subpopulations of Sclerotinia are present or if different pathotypes 
exist, resistance breeding may have to be performed with multiple isolates. Previous 
studies indicated that red clover populations can have different susceptibility to S. 
trifoliorum, and that S. trifoliorum isolates can have different levels of aggressiveness 
(Dabkeviènë and Dabkevièius, 2005; Dixon and Doodson, 1974; Marum et al., 1994; 
Öhberg et al., 2005; Yli-Mattila et al., 2010). Therefore, we studied pathogenicity 
among a diverse collection of Sclerotinia isolates from red clover.  
 
4.2.2. Infection process of Sclerotinia spp. 
Ascospores are the primary source of inoculum for S. trifoliorum on red clover. 
Germinating ascospores produce a diffusible substance that enters the stomatal 
opening and disorganises the cellular contents (Saharan and Mehta, 2008). There are 
reports of S. trifoliorum entering red clover plants through open stomata (Prior and 
Owen, 1964). Freeze and bruise injuries allow direct entry of mycelium through 
wounds. Most often though, infection succeeds directly through the cuticle of intact 
tissue by means of appressoria. Germinated ascospores can produce a simple, single 
appressorium capable of entering the host, yet penetration is only possible if external 
nutrients are present, e.g. in a drop of nutrient solution on the hosts surface 
(Lumsden, 1979; Prior and Owen, 1964; Saharan and Mehta, 2008). Appressoria are 
complex, multicelled structures forming upon a contact stimulus with the host tissue. 
After contact with the host, hyphae branch dichotomously, form finger-shaped 
structures and eventually develop into dome-shaped appressoria. Appressoria adhere 
tightly to the host surface and appear to be cemented by a mucilaginous material. 
They create a high turgor pressure that allows a penetration pen to puncture the 
plants cuticle. There is no softening or dissolution of the cuticle prior to penetration 
(Saharan and Mehta, 2008). After penetration, an inflated vesicle forms between the 
cuticle and the epidermis. Between 12 and 24h after infection, infection hyphae start 
growing from these vesicles. Initially, infection hyphae grow parallel between the 
cuticle and the epidermal cell layer and intercellularly in the cortex, but later on they 
break up into smaller clusters that grow more rapidly. Infection hyphae grow 
indiscriminately in between and through host cells. They are believed to produce 
enzymes and other compounds responsible for pathogenicity. Another 12 to 24h later, 
ramifying hyphae appear about 55 µm behind the infection hyphae and invade dead 
or dying tissue. After the appearance of ramifying hyphae, the infection starts to 
advance more rapidly (Lumsden, 1979; Saharan and Mehta, 2008).  
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4.2.3. Factors affecting pathogenicity 
Pathogenicity genes are genes that result in a reduction or loss of pathogenicity when 
disrupted. Different types of pathogenicity genes exist among fungi, depending on the 
infection process. Some fungi degrade the cuticle and cell wall enzymatically to enter 
the plant, other pathogens form appressoria, while others enter the host through 
wounds or natural openings (Idnurm and Howlett, 2001). Sclerotinia spp. are 
necrothrophic fungi that enter the host predominantly through direct penetration and 
kill host cells upon penetration with toxins (Lumsden, 1979). Biothrophic and 
hemibiotrophic fungi use haustoria to acquire nutrients from their host. A gene 
exclusively involved in pathogenicity in all phytopathogenic fungi probably does not 
exist. On the other hand, some pathogenicity genes are shared even between plant 
pathogens and animal pathogens, for example genes involved in signal transduction 
pathways and melanin biosynthesis (Idnurm and Howlett, 2001).  
1. An important class of pathogenicity factors contains genes involved in 
appressorium formation. An essential part of the appressorial wall is melanin. 
In Magnaporthe grisea, mutant isolates deficient in melanin production 
cannot generate turgor pressure and are non-pathogenic. Apart from genes 
involved in melanisation, several other essential genes for appressorium 
formation such as the hydrofobin gene have been identified in M. grisea 
(Idnurm and Howlett, 2001).  
2. A second group of pathogenicity factors comprises cell wall degrading 
enzymes and enzymes that degrade other components of the plant cell walls 
and middle lamellae such as cutin and pectin. Enzymes that degrade pectin, 
such as pectate lyase, polygalacturonase and pectin methylesterase play an 
important role in pathogenicity (Idnurm and Howlett, 2001).  
3. Many plants produce phytoanticipins and phytoalexins with antimicrobial 
activities, such as isoflavones in red clover. Some fungi have developed 
resistance to these chemical defences. S. trifoliorum for example is able to 
degrade some isoflavones from red clover (Debnam and Smith, 1976). Few 
enzymes that degrade phytoalexins have been characterised. In Nectria 
haematococca, pisatin demethylase degrades pisatin from pea: isolates 
lacking this enzyme have reduced pathogenicity (Idnurm and Howlett, 2001).  
4. Like other organisms, fungi use signalling cascades to alter their gene 
expression in response to changes in the environment. Signalling factors such 
as G proteins, MAP-kinase and cAMP dependent protein kinases are 
important for pathogenicity. When the genes that encode such signalling 
factors have mutated or when their expression is silenced, pathogenicity is 
often decreased, along with reduced growth rates and toxin production 
(Idnurm and Howlett, 2001).  
5. Finally, some fungi produce toxins that disable host cell physiology or even kill 
host cells during infection (Idnurm and Howlett, 2001). Oxalic acid is such a 
toxin that is produced by all classes of fungi, but especially in the Sclerotinia 
genus it is an important pathogenicity factor.  
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Evidence of the function of oxalic acid in pathogenicity includes recovery of oxalic acid 
from infected host tissues, the correlation between oxalate secretion and 
aggressiveness in S. sclerotiorum and the fact that oxalic acid or culture filtrates from 
S. sclerotiorum alone can induce disease symptoms in host plants (Saharan and Mehta, 
2008). Finally, mutant isolates deficient in oxalic acid production are non-pathogenic 
on Phaseolus vulgaris, while isolates that have regained their ability to produce oxalic 
acid revert to normal virulence (Godoy et al., 1990). Various theories exist on the role 
of oxalic acid in pathogenicity, and several modes of action have been observed 
(Callahan and Rowe, 1991; Godoy et al., 1990; Lumsden, 1979; Marciano et al., 1983; 
Saharan and Mehta, 2008):  
1. During pathogenesis, oxalic acid accumulates in infected tissue. As a result, 
the extracellular pH decreases to 4 to 5. Many cell wall degrading enzymes 
such as polygalacturonase, cellulase and xylanase have pH optima below 5, so 
oxalic acid basically enhances their activity.  
2. By lowering pH to or below levels for optimum cell wall degrading enzyme 
activity, oxalic acid may also contribute to an escape from acidic polygala-
cturonase inhibition by plant defence mechanisms.  
3. Polygalacturonase alone is not able to hydrolyse calcium pectate in the 
middle lamella, but works synergistically with oxalic acid. The oxalate anion 
chelates Ca
++
, causing the cell wall to soften and allowing polygalacturonase 
to hydrolyse the pectate. Additionally, Ca
++
-dependent plant defence 
responses may be inhibited.  
4. Oxalic acid interferes directly with the plant’s defences by inhibiting the 
production of hydrogen peroxide, an essential compound of the oxidative 
burst. This may be the reason why breeding for resistance to Sclerotinia spp. 
is difficult. Some non-host species of S. sclerotiorum such as wheat and barley 
produce oxalate oxidase, which may explain their insusceptibility to S. 
sclerotiorum.  
5. Oxalic acid manipulates guard cell function by inducing stomatal opening and 
inhibiting abscisic acid induced closure, thus inducing foliar wilting. 
6. Oxalic acid inhibits the activities of plant produced polyphenol oxidase.  
7. By lowering the environmental pH, oxalic acid may affect the transcriptional 
regulation of pH regulated genes necessary for the pathogenesis and 
development of Sclerotinia sp.   
8. Oxalic acid can be indirectly toxic to the plant. Because endopolygalactu-
ronase activity is regulated by pH in S. sclerotiorum, the low environmental 
pH may weaken plants and render them more susceptible to subsequent 
fungal growth.  
Previous studies have compared the production of oxalate among field isolates of S. 
sclerotiorum (Durman et al., 2005; Li et al., 2008), but to our knowledge, no such study 
has been done on isolates of S. trifoliorum.  
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4.3. Materials and methods 
Based on the genetic diversity, 30 Sclerotinia isolates were chosen so that all locations 
were represented and genetic diversity was maximised (Table 4.1.): from each 
location, one isolate from the most common MCG was selected. Other isolates were 
included if they were clearly genetically distinct from the average isolate in that 
location.  
Table 4.1. The 30 Sclerotinia isolates that were analysed in this chapter 
Number Isolate  Number Isolate  Number Isolate 
1 Be.A 2  11 Po.B 4  21 Fr.B 5 
2 Be.B 9  12 Po.C 1  22 Fr.B 14 
3 Be.C  13 Cz.A 1  23 UK.A 
4 Be.D 5  14 Cz.A 10  24 Fi.A 
5 Li.A 6  15 Cz.A 12  25 CH.A 
6 Li.B 1  16 No.A 2  26 CH.B 4 
7 Sw.A  17 No.B 7  27 It.A 3 
8 Sw.B 8  18 No.C 1  28 It.A 4 
9 Sw.B 9  19 Fr.A 2  29 Nl.A 1 
10 Po.A 3  20 Fr.A 20  30 Nl.B 8 
 
4.3.1. Growth rate and production of sclerotia 
Petri dishes (9 cm) were prepared with 20 ml PDA. A 5 mm plug from the margin of an 
actively growing culture from each isolate was placed in the centre of a PDA plate with 
five replicates per isolate. The experiment was done at 20°C and three times at 15°C. 
Plates were sealed with Parafilm and incubated in the dark. During four days, the 
grown distance of each sample was measured every 24h at three spots, so that 15 
measurements were available per isolate per day. The average growth rate was cal-
culated for each isolate at both temperatures. After four weeks, sclerotia were coun-
ted, dried at room temperature and weighed. Results were analysed with ANOVA.  
 
4.3.2. Oxalate production 
Erlenmeyer flasks (100 ml) were prepared with 25 ml PDB medium, sealed with a 
cotton plug and autoclaved. Flasks were inoculated with a 3 mm PDA disc from the 
edge of an actively growing colony from each isolate. Cultures were incubated at 15°C 
and 95% relative humidity under continuous shaking at 125 rpm. After three days 
incubation, the mycelia were taken out of the flasks, weighed wet, dried for 6h at 50°C 
and weighed dry. In this way, the volume of culture medium that stuck to the mycelia 
when they were taken out of culture could be measured. The remaining volume of 
culture medium in each flask after the mycelial had been taken out was also 
measured. The total volume of culture medium at the end of incubation was 
calculated from the amount of culture medium that stuck to the mycelia and the 
remaining volume of each culture in each flask. From each culture, a 5 ml medium 
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sample was taken, its pH was measured and increased to 5 or 7 with a few drops of 0.5 
M KOH as required for an accurate estimation of the oxalate concentration. The 
oxalate concentration was determined with the Trinity Biotech Oxalate kit according 
to manufacturer’s instructions (Stago BNL, Belgium). The absorbance was measured 
five times at 590 nm and the oxalate concentration in each sample was calculated. 
Oxalate production was expressed in absolute (µmol) and relatively as µg mg
-1
 
mycelium dry weight (DW). Control samples containing 25 ml PDB with a sterile PDA 
disc were incubated under the same conditions. Three control samples were included 
per replication and the experiment was repeated three times for each isolate. Results 
were analysed with ANOVA.  
 
4.3.3. Aggressiveness on detached leaves 
In Chapter 5 a large collection of accessions was evaluated for susceptibility to clover 
rot and ramets were made from various genotypes with a range of different 
susceptibilities. For this experiment, genotypes were chosen so that their susceptibility 
was similar to the average susceptibility from their population. Ramets from five 
genotypes with varying susceptibility were retained and the average percentage of 
damaged leaf after infection of these genotypes was as follows: Global 1 (0.2%), 
Broadway 1 (8.2%), Rajah 8 (65.7%), Labberud 1 (82.2%) and Groninger 1 (93.4%). 
From each genotype, ten ramets were grown for six months in a greenhouse until 
sufficiently branched. Leaves of stage 1 were excised, rinsed in demineralised water 
and transferred to 9 cm Petri dishes with 20 ml 0.5% water agar. Leaves were 
inoculated with a 3 mm mycelium plug from the edge of an actively growing colony 
and glued to the leaf with 80 ml of 10 g l
-1
 liquid low melting point agar (Invitrogen) at 
37°C. Control samples were made with a sterile PDA plug instead of a mycelium plug. 
When the agar became solid after a few minutes, plates were sealed with Parafilm and 
transferred to 15°C with 12h light per day of 50 µmol m
-2
.  
Each isolate was inoculated on two leaves from the five genotypes and the experiment 
was repeated three times at 15°C. Negative control samples were inoculated with a 
sterile PDA plug and incubated under the same conditions. After four days, pictures 
were taken and the areas of healthy and infected leaf were calculated with Assess 
software (Lamari 2002). Results were analysed with ANOVA.  
In experiment 2, the aggressiveness of the isolates on intact and punctured leaves was 
compared on leaves from three genotypes: Global 1, Labberud 1 and Rajah 8. Six 
punctures were made with a sterile needle in the middle leaflet, next to the middle 
vein. Each of the 30 isolates was inoculated on two punctured and two control leaves 
per genotype (12 leaves per isolate) and uninoculated control samples were included. 
Inoculation and incubation were done as described above. Punctured leaves were 
inoculated with the mycelium plug in direct contact with the punctured area and the 
percentage of damaged leaf was determined after five days. The experiment was 
replicated three times at 15°C. Results were analysed with ANOVA.  
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4.3.4. Aggressiveness on young plants 
Erlenmeyer flasks with 25 ml PDB medium were inoculated with a 3 mm PDA disc of 
actively growing Sclerotinia mycelium. After 7 days incubation at 15°C and 95% 
relative humidity, the mycelium was rinsed, added to 100 ml infection solution and 
homogenised for 3s with an Ultra-Turrax T18 mixer at 6000 rpm. Fragments were 
counted in a Bürker counting chamber and suspensions were diluted to 5000 
fragments ml
-1
. A total of 35 trays (96 plants/tray) were sown with five cultivars with 
different susceptibility (“Astur”, “Milvus”, “Global”, “Suez” and “Mont Calme”) as 
explained in 3.3.2.1. Plants were cut at the age of 6 and 10 weeks and inoculated at 
the age of 12 weeks in the high-throughput bio-test. Each isolate was inoculated on 
one tray with 1.0 to 1.5 ml mycelium fragment suspension per plant. Two negative 
control trays were inoculated with infection solution without mycelium fragments. 
After ten days incubation at 15°C to 25°C, the DSI was determined. The experiment 
was repeated three times. Results were analysed with ANOVA.  
 
4.3.5. Correlations between morphological characters and aggressiveness 
The variability of isolates in growth rate, sclerotial yield, oxalate production, 
aggressiveness on leaves and aggressiveness on plants was analysed with ANOVA or, 
when data sets were not normally distributed, Kruskal Wallis tests. The correlations 
between genetic distance (Nei and Li, 1979) and the morphological traits was 
estimated for the 26 S. trifoliorum isolates. Matrices with the pairwise genetic distance 
and pairwise differences in growth rate (15°C), sclerotia production, oxalate 
production (µg mg
-1
 DW), aggressiveness on leaves and aggressiveness on plants were 
analysed with Mantel tests to calculate the correlation (Liedloff, 1999). The 
correlations between growth rate, sclerotial yield, oxalate production, aggressiveness 
on leaves and aggressiveness on plants were estimated using the average scores of the 
30 isolates for each trait.  
 
4.3.6. Infection process 
The sclerotia that were harvested from each isolate (see 4.3.1) were used to produce 
ascospores for this study. Ascospores of all isolates were collected at the same time 
and used immediately. The youngest, completely opened leaves from three genotypes 
Global 1, Rajah 1 and Labberud 1 were separated into their three leaflets and 
transferred to 9 cm Petri dishes containing 20 ml 0.5% water agar. Inoculation was 
done with two 50 µl drops of ascospore suspension in the middle of each leaflet, 




Figure 4.1: Inoculation of leaflets with two 50 µl drops of ascospore suspension 
We first optimised a protocol for fixation of infected leaflets and staining of Sclerotinia 
ascospores and mycelium, based on previous studies (Achuo et al., 2004; Davar et al., 
2012). Infected leaflets were brought in 50 ml falcons containing 10 to 20 ml 
ethanol/glacial acetic acid (9:1 v/v) for clearing and fixation. After 30 min, the solution 
was renewed and the leaflets were again incubated until they became completely 
transparent. After rinsing thoroughly in demineralised water for 10 min, the leaflets 
were immersed in 10 ml lactic acid/glycerol/water (1:1:1 v/v/v) and incubated for 1h 
or overnight for clearing and storage. Leaflets were stained with 1% aniline blue in 
demineralised water for 20 minutes. After rinsing for 10 min in demineralised water, 
the leaflets were placed on microscopy slides for inspection under a light microscope.  
To detect possible differences in the infection process, five isolates Sw.B 9, Po.C 1, 
Cz.A 12, No.C 1 and It.A 3 were inoculated on 12 intact leaflets from Global 1, Rajah 8 
and Labberud 1 with two 50 µl drops of ascospore suspension at 100 000 spores/ml. 
Petri dishes were sealed with Parafilm and gently transferred to 15°C with 12h light 
per day of 50 µmol m
-2
. At 24h, 48h, 72h and 96h after inoculation, one Petri dish per 
plant - isolate combination was evaluated microscopically. The moment of ascospore 
germination, formation of appressoria or infection cushions and penetration of host 
tissue was observed. A small amount of ascospore suspension from each isolate was 
brought in 4.5 cm Petri dishes as negative control samples. These samples were 
treated in the same way and ascospore germination was analysed after 48h and 96h.  
In a more detailed experiment, lower ascospore concentrations were used so that the 
number of germinated ascospores, appressoria and spots of penetration could be 
precisely counted. The same isolate - genotype combinations described above were 
made, so that three leaflets were available per isolate - genotype combination. Leaflet 
series were inoculated with 4000, 1000 and 400 spores/ml. After 24h and 48h, the 
number of germinated ascospores, appressoria and spots of penetration were 
counted. The average length of the secondary mycelium was estimated with a 
precision of 5 cells. For each isolate, the correlations between aggressiveness (DSI) and 
the mycelial length, the number of appressoria per colony and the number of 
penetration spots was investigated.  
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4.4. Results and discussion 
For the 30 Sclerotinia isolates, the average growth rate, sclerotia production, oxalate 
production (µg/mg), aggressiveness on detached leaves and aggressiveness on plants 
are given in Table 4.2. along with the least significant difference (LSD) per character.  
 
4.4.1. Growth rate and production of sclerotia 
Around 24h after inoculation, most isolates had started to grow. Differences between 
the three measuring spots were small. Isolates had significantly different growth rates 
(p < 0.001) between 8.9 mm day
-1
 (Nl.B 8) and 16.7 mm day
-1
 (Fr.A 20) (Table 4.2). 
Interaction was present between isolates and temperature (p < 0.001). S. trifoliorum 
isolates grew on average 11.0 mm day
-1
 at 15°C and 10.6 mm day
-1
 at 20°C, while S. 
sclerotiorum isolates grew significantly faster at both temperatures: 15.4 mm day
-1
 
and 19.4 mm day
-1
 respectively (p < 0.001). Growth rate was significantly higher at 
20°C than at 15°C (p = 0.002) for S. sclerotiorum isolates, but not for S. trifoliorum 
isolates (p = 0.383).  
Our S. sclerotiorum isolates exhibited higher growth rates than the S. trifoliorum 
isolates. This difference in growth rate is well known (Willetts and Wong, 1980) and 
has been used to determine the species of unknown Sclerotinia isolates before 
molecular markers were available. To our knowledge, comparisons of growth rates 
between isolates have only been done for S. sclerotiorum (Akram et al., 2008; Durman 
et al., 2005; Li et al., 2008), but not for S. trifoliorum. Akram et al. (2008) investigated 
16 S. sclerotiorum isolates from chickpea and demonstrated significant differences in 
growth rate. Li et al. (2008) also found different growth rates among 39 S. sclerotiorum 
isolates from sunflower, but Durman et al. (2003) did not observe differences in 
growth rate among 29 S. sclerotiorum isolates from sunflower and lettuce.  
Formation of sclerotia started after one week and all sclerotia were mature after four 
weeks. Isolates produced different sizes, numbers and mass of sclerotia: between 10.7 
(Li.B 1) and 34.6 (Li.A 6), or between 87.9 mg (Be.B 9) and 297.4 mg (Be.C). Both at 
15°C and 20°C, significant differences were observed for number and mass of 
produced sclerotia (p < 0.001), but no significant correlation was found between 
number and mass of produced sclerotia. The interaction between isolates and 
temperature was significant for both number of sclerotia (p < 0.001) and mass of 
sclerotia (p= 0.002) (Table 4.2.). 
The differences in sclerotia production among our isolates are consistent with 
previous researches in S. sclerotiorum. Isolates from chickpea produced significantly 
different numbers and sizes of sclerotia (Akram et al., 2008). Isolates from sunflower 
also had significantly different sclerotia production between 10 mg and 250 mg on 
PDA medium (Li et al., 2008), about the same range as in our experiments. In contrast, 
Durman et al. (2005) did not find significant differences in sclerotia production.  
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Table 4.2: Growth rate, sclerotia production, pH, oxalate production, aggressiveness on detached leaves and on plants for 30 isolates 
* average of five red clover genotypes; ** average of five red clover cultivars. 
T
: S. trifoliorum isolates; 
S
: S. sclerotiorum isolates.  
Isolate Growth rate No. of sclerotia Sclerotial weight pH ± SE Oxalate production Agr. on leaves Agr. on plants 
(mm/day ± SE) (n ± SE) (mg/plate ± SE) (µg/mg DW ± SE) (% inf. leaf ± SE)* (DSI (%) ± SE) ** 
Be.A 2 T 10.6 ± 0.7 22.6 ± 1.0 212.5 ± 36.7 4.03 ± 0.12 117.6 ± 16.1 29.9 ± 0.7 47.8 ± 11.9 
Be.B 9 T 11.6 ± 0.7 18.2 ± 2.5 297.4 ± 65.5 4.51 ± 0.65 193.4 ± 1.7 33.4 ± 1.8 63.2 ± 14.2 
Be.C T 11.3 ± 0.5 16.7 ± 3.8 87.9 ± 43.8 4.04 ± 0.06 99.0 ± 2.9 28.3 ± 0.3 49.8 ± 10.6 
Be.D 5 T 11.4 ± 0.2 26.1 ± 4.7 218.9 ± 38.6 4.01 ± 0.12 122.9 ± 24.8 39.4 ± 1.9 64.4 ± 8.6 
CH.A T 10.7 ± 1.4 19.7 ± 2.5 151.7 ± 24.0 4.08 ± 0.09 113.8 ± 7.0 25.9 ± 7.8 42.0 ± 6.6 
CH.B 4 T 12.0 ± 0.6 17.0 ± 2.1 190.8 ± 51.1 3.91 ± 0.16 161.1 ± 15.9 39.1 ± 2.3 69.0 ± 5.3 
Cz.A 1 T 11.5 ± 0.4 25.8 ± 1.3 199.0 ± 36.0 4.12 ± 0.23 156.4 ± 33.3 29.3 ± 1.4 49.0 ± 12.5 
Cz.A 10 T 9.3 ± 1.4 24.7 ± 3.3 118.5 ± 21.2 4.02 ± 0.10 146.2 ± 45.9 28.0 ± 2.3 45.5 ± 7.8 
Cz.A 12 T 9.9 ± 0.8 19.1 ± 0.8 169.2 ± 8.8 4.06 ± 0.11 132.5 ± 19.0 38.7 ± 1.0 77.7 ± 9.4 
Fi.A T 11.6 ± 0.3 29.9 ± 6.0 103.3 ± 34.2 3.86 ± 0.19 131.1 ± 7.0 38.6 ± 2.6 72.4 ± 3.4 
Fr.A 2 S 15.1 ± 1.6 15.8 ± 2.5 109.8 ± 18.8 4.23 ± 0.23 102.3 ± 28.0 33.4 ± 2.8 80.1 ± 9.6 
Fr.A 20 S 16.7 ± 2.0 20.2 ± 1.4 152.2 ± 30.6 3.83 ± 0.19 188.1 ± 69.1 29.8 ± 1.9 73.7 ± 7.6 
Fr.B 5 S 14.5 ± 1.7 16.5 ± 1.7 172.2 ± 43.3 4.03 ± 0.10 204.0 ± 64.4 32.7 ± 0.2 69.2 ± 10.9 
Fr.B 14 S 15.5 ± 2.8 20.4 ± 4.5 142.0 ± 37.2 3.84 ± 0.08 113.3 ± 7.0 29.6 ± 3.7 73.8 ± 8.1 
It.A 3 T 10.0 ± 0.6 19.3 ± 5.4 181.0 ± 57.0 3.95 ± 0.20 156.6 ± 37.0 29.5 ± 1.0 56.4 ± 10.4 
It.A 4 T 9.5 ± 0.8 14.8 ± 3.2 210.0 ± 67.7 4.13 ± 0.13 123.9 ± 25.0 30.9 ± 2.3 69.5 ± 3.6 
Li.A 6 T 10.9 ± 0.7 34.6 ± 5.6 155.1 ± 37.6 3.92 ± 0.10 140.0 ± 22.3 23.3 ± 2.6 38.5 ± 10.1 
Li.B 1 T 10.5 ± 1.4 10.7 ± 3.7 123.5 ± 65.6 3.93 ± 0.25 114.8 ± 19.9 36.7 ± 1.1 56.4 ± 9.5 
Nl.A 1 T 11.7 ± 0.2 25.6 ± 4.0 98.0 ± 27.7 3.72 ± 0.12 114.1 ± 39.1 22.9 ± 2.9 62.2 ± 2.6 
Nl.B 8 T 8.9 ± 1.0 18.7 ± 4.9 208.3 ± 71.8 3.87 ± 0.16 92.3 ± 11.6 30.4 ± 1.7 59.1 ± 6.8 
No.A 2 T 12.0 ± 0.4 15.7 ± 1.4 229.6 ± 49.0 3.97 ± 0.10 84.0 ± 13.4 33.9 ± 1.3 47.2 ± 15.7 
No.B 7 T 11.5 ± 0.5 25.5 ± 2.0 183.6 ± 46.9 3.84 ± 0.08 93.6 ± 16.8 28.0 ± 0.6 50.1 ± 6.7 
No.C 1 T 11.9 ± 0.3 29.3 ± 5.6 150.6 ± 43.8 4.29 ± 0.28 126.7 ± 29.2 23.4 ± 1.4 52.9 ± 8.2 
Po.A 3 T 11.0 ± 0.6 16.4 ± 2.3 195.9 ± 28.1 3.89 ± 0.11 182.1 ± 43.3 37.8 ± 1.7 65.2 ± 5.9 
Po.B 4 T 11.4 ± 1.2 18.0 ± 2.2 151.3 ± 28.1 3.97 ± 0.17 150.6 ± 34.2 37.9 ± 2.4 63.2 ± 13.8 
Po.C 1 T 10.9 ± 0.8 10.9 ± 2.2 194.1 ± 53.1 3.94 ± 0.07 146.7 ± 15.7 40.3 ± 1.3 70.5 ± 5.2 
Sw.A T 11.2 ± 0.4 32.1 ± 4.6 159.7 ± 31.8 3.90 ± 0.12 174.6 ± 63.9 34.4 ± 2.3 49.1 ± 12.9 
Sw.B 8 T 10.3 ± 1.0 32.2 ± 9.6 192.7 ± 42.5 4.02 ± 0.21 152.1 ± 20.9 26.5 ± 3.0 43.3 ± 2.9 
Sw.B 9 T 12.7 ± 0.5 21.9 ± 3.6 103.3 ± 29.9 3.89 ± 0.16 146.5 ± 32.5 41.4 ± 3.2 64.7 ± 9.6 
UK.A T 11.4 ± 0.4 18.0 ± 1.3 165.0 ± 34.5 3.89 ± 0.17 157.3 ± 24.8 37.4 ± 0.7 65.3 ± 4.7 
LSD 6.88 (n = 60) 16.16 (n = 25) 124.76 (n = 25) 0.36 (n = 3) 82.06 (n = 3) 15.49 (n = 30) 36.02 (n  180) 
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4.4.2. Oxalate production 
After three days incubation, the pH of the culture media decreased to 4.3 - 3.7 (Table 
4.2.), while in the control samples it remained at 6.2. When secretion of oxalate was 
expressed as µmol, average production varied from 40 µmol to 81 µmol oxalate per 
flask, but the correlation between the three repetitions was poor. When oxalate 
production was expressed as µg mg
-1
 mycelial DW, all repetitions were well correlated 
(p < 0.05), but there was still a significant effect of the repetition. Oxalate production 
ranged between 77.0 µg mg
-1
 (Po.A 3) and 178.5 µg mg
-1
 (Cz.A 10) and was 
significantly different between isolates (p = 0.023) (Table 4.2.).  
Marciano et al. (1989) found that highly and weakly aggressive S. sclerotiorum isolates 
could equally utilise host cell wall components as nutrients for mycelial growth, but 
differed in ability to utilise them for oxalate production. Other research revealed that 
S. sclerotiorum isolates from sunflower secrete between 1.65 and 33.36 µg mg
-1
 
oxalate with significant differences between isolates (Li et al., 2008). In our research, 
oxalate secretions were higher: between 77 and 178.5 µg mg
-1
, but Li et al. (2008) 
conducted their experiments under different conditions. It is well known that even 
slight differences in culture medium and incubation conditions can lead to 
considerable differences in growth (Willetts and Wong, 1980), so oxalic acid secretion 
could be equally influenced. We found no correlation between oxalate production and 
aggressiveness on detached leaves or young plants in S. trifoliorum, whereas Li et al. 
(2008) did find such correlations in S. sclerotiorum.  
 
4.4.3. Aggressiveness on detached leaves 
Inoculated leaves started showing dark spots after one or two days, while 
uninoculated control leaves were still undamaged after four days incubation. After 
four days, percentages of infected leaf were between 22.9% (Nl.A 1) and 41.4% (Sw.B 
9). Isolates differed significantly in aggressiveness (p < 0.001) (Table 4.2.). Leaves from 
the Global 1 (29.8%), Broadway 1 (30.4%) and Labberud 1 (30.9%) genotypes were 
significantly less infected than leaves of Rajah 8 (34.3%) and Groninger 1 (36.1%) 
genotypes (p < 0.001). The average susceptibilities of the five genotypes in this trial 
coincided well with the preliminary scores. The order of susceptibility was nearly 
identical as determined in Chapter 5, only Rajah 8 was more susceptible than 
Labberud 1. The three repetitions were well correlated (p = 0.002), but the effect of 
repetition was significant (p < 0.001). Interaction was present between isolates and 




Table 4.3: Infection percentage for 30 Sclerotinia isolates 
on detached leaves from five genotypes  
Significant differences in aggressiveness on each genotype are indicated per isolate.  











































































































































































































































































































































Average 29.9 30.5 31.0 34.3 36.1 29.9 
Variations in aggressiveness on detached leaves in vitro have been investigated 
previously. A set of 50 S. sclerotiorum isolates from different host crops showed no 
significantly different aggressiveness on detached celery petioles, but isolates from 
sunflower were always more aggressive than isolates from soybean (Durman et al., 
2003). Yli-Mattila et al. (2010) inoculated three S. trifoliorum isolates from red clover 
on detached red clover leaves: the isolates also differed in aggressiveness and isolate x 
cultivar interaction was present. Our results are consistent with these studies.  
To evaluate if our isolates may use different ways of infection, the aggressiveness of 
the 30 isolates was compared on intact and punctured leaves from Global 1, Rajah 8 
and Labberud 1. In Figure 4.2., the average damage per isolate is given for intact and 
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punctured leaves. All isolates produced significantly more damage than the 
uninoculated controls (p < 0.001). As in the previous experiment, isolates differed 
significantly in aggressiveness (p < 0.001) and genotypes differed significantly in 
susceptibility (p < 0.001). Punctured leaves were almost always more heavily infected 
than intact leaves (p < 0.001). With puncturing, average leaf damage per genotype 
increased from 29.8% to 33.0% for Global 1, from 27.5% to 33.7% for Labberud 1 and 
from 33.5% to 37.1% for Rajah 8. There was no interaction between puncturing and 
isolates’ aggressiveness (p = 0.898). In other words, each isolate benefited equally 
from the puncturing.  
 
Figure 4.2: Infected leaf area (± SE) on intact and punctured leaves from three genotypes 
Global 1, Rajah 8 and Labberud 1 after inoculation with 30 isolates (n = 30) 
In Chapter 2, the effect of puncturing leaves was investigated: punctured leaves that 
were inoculated with ascospores were more heavily infected after 10 days incubation. 
In the present experiment, incubation time was only 5 days, but puncturing also 
caused heavier infection. Artificial wounds probably provide easy entrances for 
Sclerotinia mycelium so that the first steps of infection can be completed more 
quickly. In other words, our results suggest that clover rot resistance is based partly on 
an intact cuticle and epidermis. Yet intact epidermises and cuticles only slowed 
infection down and did not prevent it. Therefore, clover rot resistance cannot be 






















































































































































4.4.4. Aggressiveness on young plants 
In the high-throughput bio-test, small yellow lesions became visible after three days, 
while control plants remained healthy. After ten days incubation, DSIs between 38.5% 
(Li.A 6) and 80.1% (Fr.A 2) were observed (Table 4.2., Figure 4.3.). Isolates differed 
significantly in aggressiveness (p < 0.001). S. sclerotiorum isolates (70.7%) were 
significantly more aggressive than S. trifoliorum isolates (54.6%) (p < 0.01). The 
susceptibility of the five cultivars was significantly different (p < 0.001) (Figure 4.4.). 
The ranking of our cultivars according to susceptibility was similar as in the Swiss 
variety list, only “Global” was less susceptible than “Milvus” in our trial whereas in the 
Swiss variety list it was the other way around.  
There was a small but significant interaction between isolates and cultivars (p = 0.006) 
(Table 4.4.). Off course, red clover cultivars harbour a large diversity of genotypes, so 
we cannot expect interaction between isolates and cultivars to be very sharp. 
Therefore, the observed interaction between isolates and cultivars could indicate the 
presence of pathotypes. Pathotypes are different physiological races of isolates and 
are typically observed in disease resistance based on one or a few resistance genes 
(qualitative resistance). Typically, cultivars are susceptible to some pathotypes, but 
completely resistant to other pathotypes (Saharan and Mehta, 2008). Yet the 
interaction between isolates and cultivars in our research was not that pronounced by 
far. We found no proof for the existence of pathotypes in our collection of isolates.  
 
Figure 4.3: Average DSI (± SE) of 30 Sclerotinia isolates, 10 days after inoculation 
on five cultivars “Astur”, “Global”, “Milvus”, “Suez” and “Mont Calme” (n = 30) 
Light grey: S. trifoliorum isolates; dark grey: S. sclerotiorum isolates.  
The three repetitions were well correlated (p < 0.001), yet there was a significant 
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incubation temperature between repetitions: average DSI scores for the three 
repetitions were 46.1%, 63.8% and 70.0% while average temperatures during the 
three experiments were 22.3°C, 21.7°C and 21.2°C respectively. The temperature 
optima for S. trifoliorum and S. sclerotiorum are around 17°C and 22°C respectively 
(Willetts and Wong, 1980). Because most isolates were S. trifoliorum, temperatures 
higher than 17°C may contribute to lower DSI scores, but more research would be 
needed to prove such an effect. The difference in temperature optima between both 
species may also explain why S. sclerotiorum isolates were more aggressive than S. 
trifoliorum isolates. 
 
Figure 4.4: Average DSI (± SE) of five cultivars ten days 
 after inoculation with 30 Sclerotinia isolates (n = 1080) 
The aggressiveness of Sclerotinia isolates has also been compared on plants 
previously. Marum et al. (1994) found that red clover cultivars have different 
resistance against S. trifoliorum when inoculated with ascospores. Pratt and Rowe 
(1995) compared pathogenicity of five S. trifoliorum and five S. sclerotiorum isolates 
from different host crops on young alfalfa plants. Plant survival rates differed 
significantly: on average 27% survival after S. sclerotiorum infection and 32% after S. 
trifoliorum infection, yet the most aggressive isolate was a S. trifoliorum isolate from 
red clover. This coincides with our results in which S. sclerotiorum isolates were on 
average also more aggressive than S. trifoliorum isolates, albeit not significantly. In 
alfalfa, responses to S. trifoliorum and S. sclerotiorum are believed to be similar (Pratt 
and Rowe, 1995). Our results suggest that the same may be true in red clover. Öhberg 
et al. (2005) found that S. trifoliorum isolates from northern Sweden were more 
aggressive than isolates from southern Sweden after inoculation with ground sclerotia. 
When 20 late or medium-late cultivars were inoculated with two S. trifoliorum 
isolates, late flowering cultivars from N-Sweden were more resistant than medium-
























trifoliorum has locally adapted itself to the type of cultivar that is grown. In our 
research, cultivar x isolate interaction was present in only some isolates (indicated in 
bold in Table 4.4.) and the effect was small. The five cultivars from our high-
throughput bio-test had different susceptibility and ploidy but their flowering dates 
were early to medium: “Astur” (early), “Milvus” (early), “Global” (early to medium), 
“Suez” (early to medium) and “Mont Calme” (early to medium) (Suter et al., 2008). 
Possibly, clear interaction between isolates and cultivars only exists on a local scale, 
but not on a European scale. Accordingly, Kull et al. (2004) found differences in 
aggressiveness among isolates, but no cultivar x isolate interaction in S. sclerotiorum 
isolates on six soybean cultivars.  
Table 4.4: DSI (%) of 30 Sclerotinia isolates after inoculation 
on young plants from five cultivars 
Significant differences in aggressiveness on each cultivar are indicated per isolate. Isolates 
indicated in bold displayed different aggressiveness on different cultivars (interaction) 












































































































































































































































































































































Average 52.2 61.8 57.4 62.6 64.5 58.7 
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4.4.5. Correlations between morphological characters and aggressiveness 
Mycelial growth rate was correlated with aggressiveness on plants (r = 0.467, p = 
0.009). The number of produced sclerotia was negatively correlated with 
aggressiveness on detached leaves (r = -0.441, p = 0.015) and aggressiveness on plants 
(r = -0.464, p = 0.010). No correlations were found between oxalate production and 
aggressiveness. Although most genotypes used in the detached leaf bio-test did not 
originate from cultivars used in the plant experiment, there was a significant 
correlation between aggressiveness on detached leaves and plants (r = 0.573, p = 
0.001). All correlations are given in Table 4.5.  
Table 4.5: Correlations between mycelial growth rate, sclerotia production, 
oxalic acid production, in vitro aggressiveness on detached leaves and 
aggressiveness on young plants for 30 Sclerotinia isolates 
















) (no.) (mg) (µmol) (%) DSI (%) 
growth rate 1.000* 
     
sclerotia no. -0.087* 1.000* 
    
sclerotia mass -0.233* -0.130* 1.000* 
   
oxalate prod. 0.140* 0.115* -0.228* 1.000* 
  
aggress leaf 0.033* -0.441* 0.114* -0.164c 1.000* 
 
aggress. plant 0.467* -0.464* -0.078* 0.208* 0.573* 1.000* 
Correlations between the morphological traits and aggressiveness indicate that there 
were three factors correlated with aggressiveness of Sclerotinia isolates from red 
clover. Mycelial growth rate was correlated with aggressiveness on young plants in our 
research. Durman et al. (2003) found the same correlation in S. sclerotiorum. Probably 
fast growing isolates use nutrients more efficiently so that they can better fuel 
mycelial growth.  
There was a negative correlation between the number of produced sclerotia and 
aggressiveness on detached leaves and on young plants. Previous researches did not 
reveal such correlation, but sclerotia production has only been studied in S. 
sclerotiorum before, and not in S. trifoliorum (Durman et al., 2003; Li et al., 2008). An 
explanation might be that Sclerotinia isolates can invest energy either in production of 
sclerotia or in enzymes that speed up infection. Isolates producing large numbers of 
sclerotia will have better long term survival chances in the field, while isolates 
investing lots of energy in aggressiveness have less resources available for sclerotia 
formation. More research would be needed to prove this hypothesis. 
Although aggressive S. sclerotiorum isolates are known to secrete more oxalic acid 
both in vitro and in infected host tissue (Durman et al., 2005; Guimarães and Stotz, 
2004; Li et al., 2008; Lumsden, 1979; Marciano et al., 1989), our results did not reveal 
such correlation in S. trifoliorum and S. sclerotiorum isolates from red clover. 
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Finally, a correlation between both bio-tests was found, which could be expected. This 
indicates that both bio-tests estimated aggressiveness of Sclerotinia isolates reliably. 
Our bio-test with mycelial plugs on detached leaves was incubated for four days, 
enough time to complete only the first steps of infection (Lumsden, 1979). In this 
period, isolates that quickly penetrate host cells will attain higher infection than 
isolates that need more time to initiate infection. Given our good correlation between 
the pathogenicity on detached leaves and on young plants, we suspected that speed 
of entry in host tissue was an important determinant for aggressiveness. Therefore, 
we conducted a more detailed microscopic study in which the effect of the speed of 
infection speed was investigated in more detail.  
 
4.4.6. Infection process 
Ascospore production did not succeed for all isolates. Many of the S. trifoliorum 
isolates produced at least some apothecia, but none of the S. sclerotiorum isolates 
produced any apothecia under our conditions thus these isolates could not be studied 
microscopically. Five S. trifoliorum isolates with varying aggressiveness were chosen: 
Sw.B 9 (weak), No.C 1 (medium), It.A 3 (medium), Po.C 1 (aggressive) and Cz.A 12 
(aggressive).  
Clearing with ethanol/glacial acetic acid (3:1 v/v) resulted in brown patches on the 
leaflets. Reducing the concentration of acetic acid to (9:1 v/v) for 1h to 2h largely 
overcame this problem. Staining with lactophenol/ethanol (1:2 v/v) did not stain the 
mycelium thoroughly. Moreover, parts of the host tissue were also stained, so that it 
was difficult to distinguish mycelium from host tissue. When 1% aniline blue was 
added to lactophenol, fungal tissue was coloured more intensely but brown patches 
were still present in some samples. Later experiments showed that 1% aniline blue in 
demineralised water stained all fungal tissue thoroughly with only minor colouring of 
the plant tissue: only the stomata and occasional lesions were stained.  
For all isolate - genotype combinations, germination of ascospores had occurred 24h 
after inoculation. Although formation of appressoria had started in all isolate - 
genotype combinations, no penetrated cells were visible yet after 24h. By 48h after 
inoculation, all isolates had entered host cells through appressoria, as shown in Figure 
4.5. Infection through open stomata was not observed, infection succeeded 
exclusively through ascospores. Appressoria were mostly simple lobate, but branched 
appressoria were observed in some cases. Regions of up to five dead cells became 
visible 72h after inoculation, as they were coloured brownish with blue stained 
mycelia penetrating them. After 96h incubation, large regions of multiple host cells 
had died off and mycelium was growing abundantly within and between host cells. In 
control samples without host tissue, ascospores had germinated after 48h, but no 
secondary mycelium had formed. Appressoria were not observed in control samples, 
even after 96h incubation.  
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Figure 4.5: S. trifoliorum hyphae entering epidermal cells 48h after inoculation 
of ascospore suspension on a leaflet of red clover 
A: appressorium; S: ascospore; Sg: germinated ascospore; C: infected cell 
An additional experiment was conducted with lower ascospore concentrations, so that 
the number of germinated ascospores, appressoria and cell reactions could be 
precisely determined. Leaves inoculated with 4000 ascospores/ml were adequately 
infected for microscopic evaluation. 
By 24h after inoculation, ascospores of all isolates had germinated. The secondary 
mycelium had reached lengths between one and five cells and appressorium 
formation had started (Figure 4.7.). No differences were observed between isolates or 
between genotypes. Penetrated cells were not observed yet after 24h. After 48h, 
between 27 (Cz.A 12 on Rajah 1) and 80 (Po.C 1 on Rajah 8) ascospores had formed 








Figure 4.6: Germinated ascospores of isolate No.C 1 
24h (A) and 48h (B) after inoculation on leaflets of Labberud 1 
The average number of appressoria per mycelium colony varied between 0.83 (Sw.B 9) 
and 1.49 (It.A 3). Isolates differed in the number of successful penetrations after 48h: 
between 1.0 (No.C 1) and 11.7 (Cz.A 12) spots of penetration were observed per 100 
colonies. Figure 4.7. represents the average length of the mycelium formed by 
germinated ascospores and the number of spots per 100 colonies where penetration 
of host tissue occurred for five isolates on leaves from three genotypes.  
 
Figure 4.7: Average length (# cells) of the secondary mycelium and number of penetrated host 
cells per 100 colonies 48h after inoculation of five isolates on detached leaflets 













Mycelial lentgh (# cells) Penetrated cells per 100 colonies 
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No correlation was found between aggressiveness and the number of appressoria per 
colony (p = 0.731). Surprisingly, more aggressive isolates formed significantly shorter 
mycelia (r = - 0.90, p = 0.039). More aggressive isolates also tended to penetrate more 
cells after 48h, yet this correlation was not significant (r = 0.79, p = 0.114).  
There were no differences in speed of ascospore germination among the five isolates. 
Therefore, the speed of ascospore germination could not explain the differences in 
aggressiveness among these isolates. As infection only succeeded exclusively through 
appressoria in all isolate - genotype combinations, differences in aggressiveness 
among isolates could not be due to the way of infection. Moreover, appressorium 
formation initiated around the same time in the five isolates, so this cannot explain 
the aggressiveness either. On the other hand, there was a negative correlation 
between aggressiveness and the length of the secondary mycelium. In other words, 
hyphae of aggressive isolates grew less before they successfully penetrated host 
tissue. It is also notable that more aggressive isolates attained more successful 
penetrations after 48h, while the number of formed appressoria per colony was 
similar for the five isolates. These two observations may explain a part of the 
differences in aggressiveness. Possibly, more aggressive isolates invest more energy in 
penetrating the host tissue rather than spending energy growing on the surface of the 
leaf. More research would be needed to investigate how aggressive isolates can 
penetrate more cells with an equal number of appressoria. In other words, why is the 
success rate of their appressoria higher?  
Davar et al. (2012) have studied the infection process of S. sclerotiorum in basal stem 
tissue in sunflower (Helianthus annuus L.). Appressoria formed after inoculation and 
the hyphae branched upon contact with the host surface. Within 12h after inoculation, 
a direct penetration of fungal hyphae through the cuticle was observed. Host cells 
were completely colonised by mycelium 48h after inoculation, leading to a tissue 
collapse. In our results, appressoria also formed only after contact with host tissue, 
not in the control samples, and penetration also took place by appressoria directly 
through the cuticle. Host cell colonisation was not completed after 48h though. 
Possibly S. sclerotiorum infects its hosts more rapidly. This difference is probably due 
to the lower growth rate of S. trifoliorum compared to S. sclerotiorum (Willetts and 






Our 30 Sclerotinia isolates differed significantly in growth rate at 15°C and produced 
significantly different sizes, numbers and mass of sclerotia: between 8.89 mm day
-1
 
and 16.72 mm day
-1
 and between 87.9 mg and 297.4 mg sclerotia day
-1
. Oxalate 
production was between 77.0 µg mg
-1
 and 178.5 µg mg
-1
. Our isolates exhibited 
significantly different aggressiveness, according to our detached leaf bio-test and our 
high-throughput bio-test. Punctured leaves were more heavily infected, indicating that 
an intact epidermis and cuticle is an important defence mechanism of the host. 
Ranking of isolates according to aggressiveness was similar on intact and punctured 
leaves. There was a small but significant interaction between isolates and genotypes 
and isolates and cultivars, but no pathotypes were observed. This indicates that the 
influence of the isolate in resistance breeding will most likely be small, although there 
may be a small effect.  
Aggressiveness on young plants was positively correlated with growth rate and 
aggressiveness on detached leaves, but negatively with sclerotia production. A 
microscopic analysis of the infection process of five S. trifoliorum isolates revealed that 
infection always took place through appressoria and that appressoria started forming 
at the same time in the five isolates. On the other hand, aggressiveness was negatively 
correlated with the length of the secondary mycelium and hyphae of aggressive 
isolates grew less before they successfully penetrated host tissue. More aggressive 
isolates also attained more successful penetrations after 48h with an equal number of 
formed appressoria. Possibly, more aggressive isolates invest more energy in 
penetrating the host tissue rather than spending energy growing on the surface of the 
leaf. Figure 4.8. represents five factors that may influence aggressiveness of Sclerotinia 
isolates with their respective correlation coefficients found in this study.  
 
Figure 4.8: Traits that may influence aggressiveness in S. trifoliorum 
and S. sclerotiorum isolates from red clover 




VARIATION IN CLOVER ROT SUSCEPTIBILITY IN 
A DIVERSE COLLECTION OF RED CLOVER GERMPLASM 
Based on: Vleugels T., Cnops G. and van Bockstaele E. 2013. Screening for resistance to 
clover rot (Sclerotinia spp.) among a diverse collection of red clover populations 





In this chapter, we present the study of variation in clover rot susceptibility in a 
diverse collection of red clover germplasm, with the aim of identifying factors that are 
related with clover rot susceptibility and sources of resistance for breeding purposes. 
While previous studies often focussed on small collections of red clover germplasm, 
we studied clover rot susceptibility in a broad collection of 121 red clover accessions, 
comprising recent cultivars as well as landraces and wild populations. For the first 
time, clover rot susceptibility was studied in 83 red clover accessions from the NPGS-
USDA core collection.  
In a field trial, susceptibility to clover rot was determined with our in vitro bio-test on 
detached leaves with Belgian isolates. Today, little is known about the factors that 
influence clover rot. Therefore, all plants were scored visually on the field for 
branching, growth habit, susceptibility to mildew disease (Erysiphe polygoni), rust 
disease (Uromyces trifolii), viral diseases and plant yield. The correlations between 
these traits and clover rot susceptibility were estimated per plant.  
A similar collection of red clover accessions was screened by our high-throughput bio-
test with aggressive isolates. It is unknown whether wild populations or landraces are 
more resistant than cultivars. In a resistance breeding programme, the preferable 
sources of genetic variation to be examined are local landraces and recently 
developed cultivars. Wild populations will require considerable breeding effort to get 
rid of the numerous associated undesired traits (Boller, 2010; Taylor and Quesenberry, 
1996). We compared the susceptibility of cultivars, wild accessions and landraces to 
clover rot. Susceptibility of diploid and tetraploid cultivars was compared to determine 
whether tetraploid cultivars are indeed more resistant to clover rot as suggested by 
previous authors. Levels of isoflavones were available for some accessions from 
Mullaney et al. (2000) and the correlation with clover rot susceptibility was assessed. 




5.2.1. Disease resistance mechanisms in plants 
Plants have two types of disease resistance against pathogens: basal resistance or 
non-host resistance and host specific resistance (Poland et al., 2009; Slusarenko et al., 
2000).  
Basal resistance is composed of different barriers. First, plant pathogens require 
signals from their host to initiate infection and express essential pathogenicity genes. 
For example, the topography of the leaf or the wax composition of the cuticle are 
important for the formation of appressoria in some fungi. Plants that do not express 
the correct signals cannot be infected. Second, plants have pre-formed barriers 
against pathogens, such as strong cell walls, antimicrobial enzymes and secondary 
metabolites (phytoanticipins). These barriers provide protection against both host and 
non-host pathogens, but their success against adapted pathogens depends on the 
degree of co-evolution of the pathogen and host. Third, some pathogens have 
sophisticated means to acquire nutrients from the host, such as haustoria. Plant 
species preventing the formation of such structures will overcome disease. Finally, 
plants can mount several barriers upon attack by both host and non-host pathogens. 
Typically for basal defence, these responses are independent of the pathogen species. 
Basal defence is initiated through detection of elicitors: common pathogen features 
such as lipopolysaccharides, chitins, glucans and flagellins, called pathogen-associated 
molecular patterns (PAMPs). Plant cell wall components that have been degraded by 
pathogen enzymes can also function as elicitors. Elicitors activate host pattern 
recognition receptors (HPRR) in the plant that activate signal transduction pathways 
and initiate defence responses (Figure 5.1.) (Gururani et al., 2012; Kou and Wang, 
2010; Thordal-Christensen, 2003).  
Basal defences, however, are often not effective against adapted pathogens. Adapted 
pathogens have avirulence genes that encode effector proteins. These effectors are 
delivered directly into host cells during the initial stage of infection to interrupt the 
activation of plant basal defences and facilitate host colonisation (Gururani et al., 
2012). Plants, on the other hand, can develop host specific resistance or qualitative 
resistance against adapted pathogens. Plant resistance genes, called R-genes, encode 
R-proteins that recognise pathogen effector proteins or the product of pathogen 
attack. Qualitative resistance is a gene-for-gene relationship: a plant carrying a 
resistance gene only resists pathogen isolates with the corresponding effectors (Figure 
5.1.). When different pathogen isolates have different effector molecules so that a 
plant can only recognise some isolates, the term pathotypes is used. In case of 
pathogen recognition, qualitative resistance is initiated and a hypersensitive response 
(HR) starts. During a HR, an oxidative burst of reactive oxygen intermediates takes 
place and defence genes are activated, so that the tissue around the spot of infection 
undergoes rapid programmed cell death. The loss or mutation of specific avirulence 
genes allows the pathogen to avoid R-gene recognition and become virulent again 
(Gururani et al., 2012; Poland et al., 2009). While an HR is often very effective against 
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biotrophic pathogens, the same response can increase susceptibility to necrotrophic 
pathogens. Some necrotrophic pathogens even exploit programmed cell death in the 
host in order to rapidly acquire nutrients from dead host tissue (Lorang et al., 2007; 
Nagy et al., 2007; Poland et al., 2009). The limitations of qualitative resistance for crop 
protection are the lack of sustainability, the limited range of pathogen races to which 
an R-gene is effective, and often the lack of availability against necrotrophic 
pathogens. The few known R-genes against true necrotrophic pathogens encode 
detoxification enzymes rather than genes influencing the HR (Kou and Wang, 2010; 
Poland et al., 2009).  
While host specific resistance renders plants completely resistant to certain races of 
pathogens, various forms of incomplete resistance are also present in plants. 
Incomplete resistance is typically conditioned by multiple genes with partial effects 
and is effective against a broader spectrum of pathogen races than host specific 
resistance. A variety of terms have been used to describe both types of resistance: 
vertical versus horizontal, complete versus incomplete, major gene versus minor gene 
and narrow spectrum versus broad spectrum resistance. Unfortunately the literature 
can be confusing because some terms are used in different ways by different authors. 
The terms qualitative disease resistance and quantitative disease resistance (QDR) are 
most commonly used in the literature (Poland et al., 2009), so we have adopted them 
in this thesis. QDR is conferred by HPRR genes and defence responsive genes. Defence 
responsive genes function as activators or suppressors of defence responses or as 
components of the basal resistance pathway or in overlapping pathways between 
basal resistance and race-specific resistance (Figure 5.1.). There are large numbers of 
defence-related genes in each species. Quantitative disease resistance is typically 
controlled by multiple genes, called quantitative resistance loci (QRLs). QRLs are often 
quantitative trait loci (QTLs) but can also be single genes with many alleles. Typically, 
QRLs interact with each other (epistasis) and with the environment and they often 
affect more than one trait (pleiotropy) (Kou and Wang, 2010; Poland et al., 2009; Saint 
Clair, 2010). Various QRLs have already been characterised. For example, resistance to 
white mould (S. sclerotiorum), in common bean (Phaseolus vulgaris) is controlled by 
over 10 independent QRLs (Miklas, 2007; Saint Clair, 2010). QDR is the most important 
and often the only available form of resistance against necrotrophic pathogens. Many 
QRLs have different gene structure and function, indicating that there are diverse 
mechanisms underlying QDR (Kou and Wang, 2010; Poland et al., 2009; Saint Clair, 
2010). Poland et al. (2009) proposed six working mechanisms of QRLs, yet QDR is most 
probably established through a combination of different mechanisms (Figure 5.1.).  
1. Some QRLs control plant architecture or development. Morphological traits 
such as density of stomata, ability to repel water, flowering date, plant 
height, leaf area, leaf angle and others often have pleiotropic effects on QDR. 
2. QRLs may control production of phytoalexins with inhibiting effects on the 
pathogen. Necrothrophic pathogens often use numerous secondary 
metabolites such as oxalic acid to disrupt cell metabolism and trigger cell 
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death. For example oxalate oxidase in tomato has been shown to mitigate 
damage caused by Botrytis cinerea and S. sclerotiorum (Walz et al., 2008).  
3. QRLs could be components of signal transduction pathways. Often, signalling 
mutations decrease susceptibility to a range of similar pathogens (biotrophs), 
yet increase susceptibility to other pathogens (necrotrophs).  
4. QRLs can be mutations or different alleles of genes involved in basal plant 
defence. Pattern recognition receptors acting in basal defence can condition 
quantitative resistance. The recognition of conserved pathogen features such 
as chitin also explains the broad spectrum resistance of some QRLs.  
5. Some QRLs may be weak allelic variants of R-genes. Co-localisation of QRLs 
and R-genes has been observed in several plant species. Pathogen evolution 
can erode the effectiveness of R-genes and convert them into QRLs. When 
R-genes are overcome by pathogen races, a certain level of residual 
resistance sometimes remains.  
6. Finally, some QRLs could be a unique set of previously unidentified genes. 
Some QRLs show no homology to any known defence genes.  
 
Figure 5.1: Mechanisms of quantitative disease resistance 
as suggested by Kou and Wang (2010) and Poland et al. (2009) 
Numbers 1 to 6 indicate the different modes that are described in the text. 
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The term “durable resistance” was defined by Johnson (1983): “Durable resistance is 
resistance that remains effective in a cultivar that is widely grown for a long period of 
time in an environment favourable to the disease”. Some durable resistance genes are 
probably due to a single gene, e.g. the mlo resistance gene against powdery mildew in 
barley. Yet qualitative resistances that are durable are exceptions to the rule: most 
durable resistances are quantitative (Slusarenko et al., 2000). While qualitative 
resistance tends to be rapidly overcome as a result of strong selection for compatible 
pathotypes, QDR is generally more durable and is effective against a broader spectrum 
of pathogen races. Because quantitative disease resistance is controlled by multiple 
genes with partial effects, pathogens that overcome a single QRL gain only a marginal 
advantage compared to qualitative resistance (Kou and Wang, 2010; Saint Clair, 2010). 
Although qualitative and quantitative resistance are different, there is an extensive 
gray area between them, suggesting that both types of resistance are at least partly 
controlled by the same genetic mechanisms (Poland et al., 2009).  
QDR can be improved by conventional breeding, without the knowledge of resistance 
loci. With the knowledge of genes underlying resistance loci, MAS can render 
resistance breeding more efficient by using gene-specific or closely linked markers to 
avoid bringing undesired traits into an improved cultivar. Indeed, MAS is currently 
used successfully in quantitative resistance breeding, e.g. to introgress and stack QRLs 
for white mould resistance in existing common bean cultivars (Kou and Wang, 2010; 
Miklas, 2007). The stumbling blocks for MAS are genotyping and phenotyping. 
Methods for genotyping are currently undergoing major changes due to new 
technologies such as high-throughput DNA extraction methods next generation 
sequencing that are increasing sample throughput and decreasing costs per sample. 
Yet despite these new techniques, evaluating large numbers of individuals in 
replicated field experiments across locations and seasons to acquire precise and 
reliable phenotype data will always remain necessary (Saint Clair, 2010).  
Although our understanding of QDR is advancing quickly, many questions remain. Will 
large scale use of QRLs in resistance breeding be durable or will we observe similar 
problems as seen with qualitative resistance? Should quantitative resistance breeding 
focus on major effect QRLs only, or should we pursue an integrated resistance 
breeding in which major effect QRLs are combined with minor effect QRLs and 
perhaps also R-genes in the same cultivars? Possibly, QDR can function as a back-up 
system for qualitative resistance to provide some level of resistance when R-genes are 
overcome. It should be investigated, however, whether breakdown of R-genes reduces 




5.2.2. Sclerotinia resistance breeding in red clover 
Various studies have been carried out to identify red clover plants with good 
resistance against clover rot. Yet many previous studies have screened only small 
collections of cultivars. If wild populations and landraces were evaluated, they were 
often local populations. To our knowledge, no previous studies have screened diverse 
collections on a global scale. Furthermore, previous studies often used just one or a 
few local Sclerotinia isolates with unknown aggressiveness. Marum et al. (1994) found 
little variation in resistance level among seven red clover populations after inoculation 
with ascospores and mycelium fragments. Öhberg et al. (2008) inoculated plants with 
ascospores and mycelium grain inoculum. The Scandinavian cultivars used in their 
study had different levels of susceptibility, although no completely resistant cultivars 
were identified (Öhberg et al., 2008). Delclos and Duc (1996) screened four cultivars 
for resistance with a bio-test on young plants, followed by a bio-test on detached 
leaves. No difference in susceptibility was observed with their plant bio-test, yet their 
detached leaf bio-test did detect differences in susceptibility but no completely 
resistant cultivars were found. Vaverka et al. (2003) scored 22 diploid and tetraploid 
cultivars for clover rot resistance on a scale from 1 to 5. Most cultivars had score 3 or 
4, but the cultivar “Vanessa” (4n) had score 1 and was called resistant. We also 
included this cultivar in our study. Dabkeviènë and Dabkevièius (2005) compared the 
susceptibility of wild populations to clover rot by inoculating plants with mycelium 
fragments. They found 15 wild populations with moderate resistance (36.6% death 
rate) and 1 population with elevated resistance (2.4% death rate).  
Although some previous studies have observed variation in susceptibility among red 
clover plants and populations, qualitative resistance to clover rot has not been 
characterised. Sclerotinia spp. are necrotrophic pathogens, suggesting that qualitative 
resistance is not likely to be present (Poland et al., 2009). Yet the observed variation in 
susceptibility suggests that at least some level of quantitative resistance against clover 
rot is available in red clover. Hence, the resistance level can be improved through 
selection with an adequate bio-test on the suitable germplasm.  
It is generally accepted that tetraploid cultivars are more resistant than diploid 
cultivars (Öhberg, 2008; Taylor and Quesenberry, 1996). This is also reflected in the 
Swiss (Suter et al., 2008) and German (Bundessortenambt, 2009) variety lists, for 
example. In this study we included a number of diploid and tetraploid cultivars to 
evaluate whether tetraploid cultivars are indeed more resistant to clover rot than 
diploid cultivars.  
 
5.2.3. Red clover genetic resources 
Genetic resources are the basis of any breeding programme. For red clover, three 
types of genetic resources are important: cultivars, landraces or locally cultivated 
populations, and wild populations. Related Trifolium species are a fourth category, but 
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they are avoided because hybridisation between red clover and related species is very 
difficult. Unlike for many other crops (e.g. wheat), wild populations of red clover still 
exist in nature. Also naturalised red clover populations are found: populations that 
originated from cultivars but escaped from agriculture to persist in nature (Boller et 
al., 2010; FAO, 1997). In a breeding programme whose aim is to improve general 
adaptation and disease resistance, the first sources of genetic variation to be 
examined are local landraces and recently developed cultivars. These populations are 
likely to be well adapted to the environment and may possess natural resistance to 
local diseases. If the desired trait is not present in this germplasm, populations and 
cultivars from more distant regions should be evaluated. Only when the desired trait is 
not present among cultivated material, wild or naturalised populations should be 
included in the germplasm. Wild populations can be sources of resistance against 
some diseases, but it requires considerable breeding effort to get rid of the various 
associated undesired traits (Taylor and Quesenberry, 1996).  
The extensive use of cultivars in recent decades has led to a serious decline in the 
number of landraces and wild populations in centres of diversity. This erosion of 
genetic diversity is a major concern in many clover species (Taylor and Quesenberry, 
1996). For this reason, plant genetic resources are often conserved ex situ in gene 
bank collections. The objective of germplasm collections is to sample the largest 
diversity in a manageable number of accessions (Boller et al., 2010). Plant breeders 
rarely have the resources to evaluate entire collections for traits of interest. But it is 
not necessary to screen the entire collection, as many accessions are highly related. 
Instead, an initial screening can be done on a core collection. Frankel (1984) 
introduced the core collection concept: a subset of accessions from germplasm 
collections that represents the majority of genetic variation. A core collection 
containing less than 10% of the accessions should retain over 75% of the variation of 
the entire collection (Brown, 1989). After evaluating a core collection, useful 
accessions are identified and one can revert to the entire collection and screen other, 
closely related accessions. In Europe, the European Cooperative Programme for Plant 
Genetic Resources (ECPGR) maintains a European database for forage plant 
accessions, predominantly European landraces. Seeds are maintained in over 35 
collaborating institutes throughout Europe. The USDA National Plant Germplasm 
System (NPGS) genebank contains forage legumes and grasses collected from 
temperate areas around the world. A total of 1093 red clover accessions are stored 
and a core collection with 85 accessions is available (Kouame and Quesenberry, 1993). 
For 39 accessions from the core collection, levels of formononetin, biochanin A and 
genistein, the three major isoflavones in red clover, have been measured in 20 plants 
per accession (Mullaney et al., 2000). Isoflavone levels were variable, suggesting 
potential for divergent selection. Red clover accessions for New Zealand and Australia 
are maintained at the Margot Forde Forage Germplasm Centre in New Zealand. 
Another major collection of red clover germplasm is held at the Vavilov Institute for 
Research in Russia (Boller et al., 2010). Material from this gene bank has been used to 
improve winter persistence and resistance to clover rot in Russian populations (Taylor 
and Quesenberry, 1996).   
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5.3. Materials and methods 
5.3.1. Field trial 
A field trial was established with 121 red clover accessions: 83 accessions from the 
USDA-NPGS core collection along with 38 other interesting accessions. The cultivar 
“Vanessa” was included for its resistance to clover rot according to Vaverka et al. 
(2003). The cultivars “Freedom!” and “Global” were included for their resistance to 
mildew and “Formica” and “Fregata” were included for their low levels of 
formononetin. “Astred”, “Broadway” and “Crossway” are prostrate cultivars that are 
persistent under grazing conditions through auxiliary rooting at stem internodes 
(Rumball et al., 2003). We included these cultivars for their prostrate growth habit and 
their capacity to form auxiliary roots at internodes. Various recent diploid and 
tetraploid European cultivars were included to evaluate if they are possible sources of 
resistance. Details of the included germplasm are given in Table 5.1. From each 
accession, three replicates with 10 plants each were evaluated in the field during three 
years. Plants were sown in January 2009 in a greenhouse, cut three times and planted 
in the field the 30
th
 of April 2009 in sandy loam. Plants were cut three times per year 
when the first flowers appeared. Fertilisation was performed three times a year with a 
total 15 units N, 120 units P2O5 and 300 units K2O per year. Weeds were controlled by 
hand weeding and with diquat (Reglone® 2l product ha
-1
) after each cut. The plants 
were observed in the field and important traits were scored per plant (Figure 5.2.).  
 
Figure 5.2: Picture of our field trial in spring showing diversity in growth habit and plant size  
Branching was scored in July 2009 on a scale from 1 (sparsely branching) to 5 
(extensively branching). Growth habit was scored in July 2010 from 1 (prostrate) to 6 
(erect). The percentages of prostrate and erect plants were calculated for each 
accession. Susceptibility to mildew disease (Erysiphe polygoni) was scored in July 2009 
and 2010 and susceptibility to rust disease (Uromyces trifolii) was scored in September 
2010, both on a scale from 1 (healthy) to 5 (heavily infected). Susceptibility to viral 
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diseases was calculated per accession as the percentage of infected plants after three 
years. During three years, regrowth was scored after each cutting on a scale from 1 to 
5. A yield index was calculated for each accession as the percentage of maximum 
attainable yield: an accession with 30/30 surviving plants after three years and plant 
size scores of 5/5 after each cut had a yield index of 100%. Accessions with low plant 
sizes and low survival rates had low yield indices. The three cuts per year were given 
weighting factors based on data from production trials in the ILVO breeding 
programme: first cuts were given a weighting factor of 0.40, second and third cuts 
0.30. First cuts are typically heavier and contribute more to the yearly yield than 
subsequent cuts.  
In 2010, the first replicate of the field trial was screened for clover rot susceptibility 
with our bio-test on detached leaves. From each plant, five undamaged leaves of stage 
1 were excised, stored temporarily in jars containing water on the field and placed 
together on 12 x 12 cm Petri dishes with 0.5% water agar in the lab. Petri dishes were 
incubated at 15°C. The collecting continued for five days until leaves from all 
accessions had been sampled. At the end of the second and the fifth day, leaves were 
inoculated as described in 3.4.3.7. with an equal mixture of 80 000 viable spores/ml 
from isolates Be.A 1, Be.A 5, Be.C and Be.D 1. Ascospores were collected prior to the 
experiment and stored in dry conditions at -20°C. Their viability was checked one week 
prior to inoculation. Pictures of the infected leaves were taken after 10 days 
incubation at 15°C (Figure 5.3.) to determine the percentage of damaged leaf. 
 
Figure 5.3: Detached leaves of a red clover genotype 10 days after inoculation 
with a suspension of 80 000 spores/ml and incubated at 15°C 
The average percentage of damaged leaf was calculated per accession. ANOVA was 
done to determine the percentage of variance explained by accessions and plants 
within accessions. Using the scores from each plant genotype, correlations were 
calculated between susceptibility to clover rot and branching, growth habit, mildew 
susceptibility, rust susceptibility, susceptibility to viral diseases and plant yield. A yield 
index was calculated as the percentage of maximum attainable yield in three years. 
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5.3.2. Screening with the high-throughput bio-test 
A similar collection of germplasm, which comprised 79 accessions from the NPGS core 
collection and 34 diploid and tetraploid cultivars, was screened for clover rot 
susceptibility with the high-throughput bio-test on young plants. Details about the 
evaluated germplasm are given in Table 5.1. A larger number of tetraploid cultivars 
was included to evaluate whether diploid and tetraploid cultivars indeed differ in 
susceptibility to clover rot. The tetraploid cultivar “Avanti” was selected by ILVO out of 
colchicine-treated plants from the diploid cultivar “Global”. Similarly, “Fregata” and 
“Astur” were selected by Agroscope (Switserland) out of colchicine-treated plants 
from the diploid cultivars “Formica” and “Milvus” respectively. These three cultivar 
pairs were included in the collection and their susceptibilities were compared. Seeds 
were germinated in a germination chamber at 25°C and 100% relative humidity and 
gently transferred to Quickpot® trays after two days. Two series of trays were 
established with different orders of accessions. In each series, seedlings of each 
accession were planted in two adjacent columns (8 plants) per series of trays, so that 
four columns or two repetitions were available per accession. The experiment was 
repeated three times with each repetition comprising 40 trays. Each repetition was 
scored in one day. For each accession, the average susceptibility to the five Sclerotinia 
isolates was calculated.  
Plants were cut with sterilised scissors at age 6 and 10 weeks and inoculated at 12 
weeks age. Inoculation was done with a mixture of five aggressive isolates: ascospores 
from isolates Cz.A 12, Fi.A, Po.C 1 and Sw.A and mycelium fragments from Fr.A 2. 
Plants were inoculated with a mixture of 40   000 ascospores or mycelium fragments 
ml
-1
: 8000 ascospores or mycelium fragments ml
-1
 from each isolate. Plants were 
incubated as described in 3.4.3.7. and scored after 14 days. For each accession, the 
average DSI of each tray column was calculated so that four replicates were available 
per accession. The average score per accession was calculated by averaging these four 
results. An analysis of variance components indicated the percentage of variance due 
to accessions and plants within accessions.  
The average susceptibility of diploid cultivars was compared with tetraploid cultivars 
and the average susceptibilities of wild accessions, landraces, and cultivars were 
compared. Finally, the effect of a prostrate growth habit and resistance to other 
diseases on the susceptibility to clover rot was determined. Significances were 
evaluated with ANOVA and t-tests.  
 
5.3.3. Correlations 
The correlation between the results from both bio-tests was calculated. The relation 
between the isoflavone content (biochanin A, formononetin and genistein) and clover 
rot susceptibility according to the high-throughput bio-test was investigated for the 
NPGS accessions for which they were available.  
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Table 5.1: Red clover accessions and their properties that were evaluated in the field trial 
and screened for clover rot susceptibility in the high-throughput bio-test 
F: accessions included in the field trial; H: accessions included in the high-throughput bio-test; 
* indicate cultivars bred by ILVO. Accessions indicated in bold are discussed in the text.  
Nr. Accession Ploidy NPGS code Variety type Origin Trial 
1 BN946659 2n PI 120105 landrace Turkey F H 
2 No 6948 2n PI 171870 cultivated Turkey F H 
3 Perennial Bernois 2n PI 179146 cultivated Switzerland F H 
4 NSL 60086 2n PI 184960 n.a. Australia F H 
5 No 1687 2n PI 187008 cultivated Germany F H 
6 Oudenaerdse 2n PI 187224 landrace Belgium F H 
7 Aberystwyth S151 2n PI 187284 cultivar UK F H 
8 G 13945 2n PI 188680 cultivated France F H 
9 Merkur 2n PI 188905 cultivar Sweden F H 
10 Groninger 2n PI 189174 cultivar Netherlands F H 
11 No 9500 2n PI 196424 n.a. Denmark F H 
12 NSL 60106 2n PI 201191 n.a. Netherlands F H 
13 No 292 2n PI 204506 n.a. Turkey F H 
14 No 382 2n PI 204507 n.a. Turkey F H 
15 No 642a 2n PI 205313 n.a. Turkey F H 
16 No 12623 2n PI 207520 n.a. Afghanistan F H 
17 NSL 60134 2n PI 207972 n.a. France F H 
18 Early Otofte III 2n PI 217507 cultivar Denmark F H 
19 NSL 60141 2n PI 220856 n.a. Portugal F H 
20 NSL 60146 2n PI 225119 cultivar Germany F H 
21 No 363 2n PI 226952 wild Ethiopia F H 
22 Zazersk 2n PI 228160 cultivar Russia F H 
23 No 14849 2n PI 228365 n.a. Iran F H 
24 Tammisto 2n PI 229799 cultivar Finland F H 
25 No 55_7 2n PI 230229 landrace USA F H 
26 Fertodi 2n PI 232941 cultivar Hungary F H 
27 No 16104 2n PI 234448 cultivar Belgium F H 
28 No 8 2n PI 234836 wild Germany F H 
29 No 16213 2n PI 234925 wild Switzerland F H 
30 No 16139 2n PI 234957 wild France F H 
31 Heby 2n PI 235847 landrace Sweden F H 
32 Labberud 2n PI 235854 landrace Sweden F H 
33 Sorby Okna 2n PI 235867 landrace Sweden F H 
34 Svanvik 2n PI 235870 landrace Sweden F H 
35 Mynskyla 2n PI 236455 cultivar Finland F H 
36 Hinderupgaard III 2n PI 237705 cultivar Denmark F H 
37 No 150 2n PI 239696 n.a. Switzerland F H 
38 No 3600 2n PI 239970  n.a. Iran F H 
39 NSL 60401 2n PI 245141 wild Switzerland F H 
40 No 17109 2n PI 249870 wild Greece F H 
41 K 1689 2n PI 250899 wild Iran F H 
42 19660 2n PI 251564 cultivated Yugoslavia F H 
43 No 17542 2n PI 251859 wild Italy F H 
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Table 5.1: continued 
Nr. Accession Ploidy NPGS code Variety type Origin Trial 
44 K 2086 2n PI 253583 wild Spain F H 
45 Hruszowska Ciemna 2n PI 255894 cultivar Poland F H 
46 Wielkolistna 4n PI 266047 cultivar Poland F 
47 No 1214 2n PI 271627 n.a. India F H 
48 Redon 2n PI 286116 cultivar Canada F H 
49 PGR 13613 2n PI 286222 cultivar Canada F H 
50 NSL 60492 2n PI 293591 n.a. Poland F H 
51 Reichersberger 2n PI 294481 cultivar Austria F H 
52 Arsan 2n PI 294797 landrace Bulgaria F H 
53 Rahn red clover 2n PI 295355 landrace USA F H 
54 Trebol rojo 2n PI 302421 cultivar Colombia F H 
55 Quinekeli 2n PI 304842 cultivar Chile F H 
56 Berry's 2n PI 306185 cultivar UK F H 
57 Drewitts 2n PI 306188 cultivar UK F H 
58 No A-1847 2n PI 306677 landrace Ecuador F H 
59 No 942 2n PI 307948 wild Spain F H 
60 Dettenbuhl 2n PI 310459 cultivar Switzerland F H 
61 G 15485 2n PI 310465 n.a. Switzerland F H 
62 M-193 2n PI 311492 n.a. Spain F H 
63 No 188 2n PI 314487 wild Georgia F H 
64 Jripo F81 4n PI 314840 cultivar Norway F 
65 G 17210 2n PI 315522 n.a. Italy F H 
66 Sofia 66 2n PI 315533 cultivar Bulgaria F H 
67 Memmos 2n PI 315534 cultivar Canada F H 
68 Bakonyi 2n PI 318887 landrace Hungary F H 
69 Cigandi 2n PI 318888 landrace Hungary F H 
70 Gloria M. U. 2n PI 345673 cultivar Ukraine F H 
71 Kirovskij 159 2n PI 345675 cultivated Russia F H 
72 Sofia 52 2n PI 371959 cultivar Bulgaria F H 
73 Grassland Hamua 2n PI 376880 cultivar New Zealand F H 
74 Viola 2n PI 384058 cultivar Poland F H 
75 Perena 2n PI 401469 cultivar Romania F H 
76 296 2n PI 418889 wild Italy F H 
77 122 2n PI 419294 wild Greece F H 
78 Hungaropolyloid 2n PI 419547 breeding Japan F H 
79 Tenda selection 2n PI 419550 breeding Japan F H 
80 SV-0116 2n PI 419565 breeding Japan F 
81 D-1600 2n PI 440737 wild Russia F 
82 Trebol rosado 2n PI 449326 landrace Chile F 
83 G 21245 2n PI 632214 n.a. n.a. F 
84 Waesse 2n PI187225 landrace Belgium F 
85 NSL 60104 2n PI199263 n.a. Greece F 
86 No 16 2n PI205439 n.a. Turkey F 
87 No 16043 2n PI234488 wild Spain F 
88 No 16082 2n PI234676 cultivar France F 
89 Spannarp 2n PI235868 landrace Sweden F 
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Table 5.1: continued 
Nr. Accession Ploidy NPGS code Variety type Origin Trial 
90 Hinderupgaard III 2n PI237283 cultivar Denmark F 
91 NSL 60381 2n PI238157 n.a. Turkey F 
92 No 3725 2n PI239973 n.a. Iran F 
93 No 587 2n PI300158 breeding South Africa F 
94 Sepia 2n PI303830 cultivar USA F 
95 C 64 2n PI311488 n.a. Spain F 
96 C 208 2n PI311489 n.a. Spain F 
97 Aberblaze 2n n.a. cultivar UK F H 
98 Astred 2n n.a. cultivar Australia F H 
99 Astur 4n n.a. cultivar Switzerland F H 
100 Atlantis 4n n.a. cultivar Germany H 
101 Avanti* 4n n.a. cultivar Belgium H 
102 Avisto* 2n n.a. cultivar Belgium F H 
103 Broadway 2n n.a. cultivar New Zealand F H 
104 Crossway 2n n.a. cultivar New Zealand F H 
105 Diplomat 2n n.a. cultivar France F H 
106 Divin 2n n.a. cultivar France F H 
107 Formica 2n n.a. cultivar Switzerland F H 
108 Freedom! 2n n.a. cultivar USA F H 
109 Fregata 4n n.a. cultivar Switzerland F H 
110 Global* 2n n.a. cultivar Belgium F H 
111 Harmonie 2n n.a. cultivar Germany H 
112 Larus 4n n.a. cultivar Switzerland F H 
113 Lemmon* 2n n.a. cultivar Belgium F H 
114 Magellan 4n n.a. cultivar Germany H 
115 Maro 4n n.a. cultivar Germany F H 
116 Merian* 2n n.a. cultivar Belgium H 
117 Merula 2n n.a. cultivar Switzerland H 
118 Merviot* 2n n.a. cultivar Belgium F H 
119 Milvus 2n n.a. cultivar Switzerland F H 
120 Mistral 2n n.a. cultivar France F H 
121 Mont Calme 2n n.a. cultivar Switzerland F H 
122 Nemaro 2n n.a. cultivar Germany H 
123 Pavo 2n n.a. cultivar Switzerland H 
124 Regent 2n n.a. cultivar Germany H 
125 Rotra* 4n n.a. cultivar Belgium F H 
126 Rubitas 2n n.a. cultivar New Zealand F H 
127 Suez 2n n.a. cultivar France H 
128 Taifun 4n n.a. cultivar Germany F H 
129 Tedi 4n n.a. cultivar France F H 
130 Vanessa 4n n.a. cultivar Switzerland F H 




5.4. Results and discussion 
Table 5.3. shows the average clover rot susceptibility for each accession, determined 
by our detached leaf bio-test in the field trial and by our high-throughput bio-test in 
the greenhouse trial. Scores for branching, growth habit, susceptibility to mildew, rust 
disease, viral disease and the yield index are included for each accession. The levels of 
biochanin A, formononetin and genistein, according to Mullaney et al. (2000) are 
included for the NPGS accessions from which they were available.  
 
5.4.1. Field trial 
The ascospores’ viability was approximately 75% for the four isolates Be.A 1, Be.A 5, 
Be.C and Be.D 1. As expected, infection patterns were similar between leaves from the 
same individuals (Figure 5.3.), though variation was present in some genotypes. 
Accessions differed significantly in susceptibility to clover rot (p < 0.001). Variance 
analysis indicated that 58.4% of the variation was explained by accessions, while 
41.6% was explained by plants within accessions. The large genetic diversity within red 
clover accessions and the high numbers of plants per accession that were tested may 
explain these figures.  
Correlation analyses on the data from each plant indicated that clover rot 
susceptibility was not correlated with branching (p = 0.544) or growth habit (p = 
0.189), nor with susceptibility to mildew (p = 0.509) and viral disease (p = 0.106). This 
suggests that clover rot resistance could be improved by selection without affecting 
the degree of branching, the growth habit or resistance to mildew and viral disease. 
Our results also indicated that a higher degree of branching did not render plants 
more resistant against clover rot. Susceptibility to rust disease and clover rot were 
negatively correlated (r = -0.260, p < 0.001), suggesting that plants resistant to rust 
were more susceptible to clover rot and vice versa. Uromyces trifolii, the causal agent 
of rust, is a biotrophic pathogen, while S. trifoliorum is a necrotrophic pathogen. In 
other words, our finding may support the thesis of Poland et al. (2009) that resistance 
to biotrophic pathogens increases susceptibility to necrotrophic pathogens.  
Finally, our index for plant yield was negatively correlated with susceptibility to clover 
rot (r = -0.214, p < 0.001): more susceptible plants had lower yields and vice versa. This 
indicates that selection for resistance to clover rot will not necessarily decrease plant 
yield as feared by some red clover breeders.  
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5.4.2. Screening with the high-throughput bio-test 
The viability of the ascospores at inoculation was approximately 80%. Table 5.3. 
represents the average susceptibility to the five Sclerotinia isolates for all accessions. 
No accession remained completely healthy, but our accessions broke up into three 
significance groups (p < 0.001). The tetraploid cultivars “Tedi” (42.2%) and “Maro” 
(49.3%) and the diploid landrace “No 292” (49.8%) were more resistant than the 
average accession (significance group 1 or 1 and 2). A total of 15 diploid accessions 
were more susceptible than the average accession (significance groups 2 and 3 or 3). 
The most susceptible accession was the cultivar “Nemaro” (87.0%). There was no 
effect of repetition (p = 0.578). Accessions explained 3.3% and plants within accessions 
explained 96.7% of the total variance. These figures are typical for an outbreeding 
crop like red clover, where the variation within populations is typically larger than the 
variation between populations.  
The effect of the type of accession (cultivar, landrace or wild population) was 
investigated: cultivars (67.0%) were on average less susceptible than landraces (69.5%) 
and wild accessions (70.0%), but differences were not significant (p = 0.335). Artificial 
or natural selection may have increased the resistance level of cultivars and some 
landraces.  
Further analysis indicated that diploid cultivars had an average DSI of 68.9%, while 
tetraploid cultivars were significantly more resistant with an average DSI of 57.2% (p < 
0.001). The susceptibilities of “Avanti”, “Fregata” and “Astur” and their diploid 
ancestors “Global”, “Formica” and “Milvus” are represented in Table 5.2.  
Table 5.2. Average DSI (%) of three tetraploid cultivars and their 
diploid ancestor cultivars compared with t-tests. 
Tetraploid cultivar DSI (%) Diploid ancestor cultivar DSI (%) p-value 
Avanti 54.2 Global 63.3 p = 0.130 
Fregata 64.7 Formica 70.2 p = 0.296 
Astur 62.5 Milvus 78.6 p < 0.009 
“Avanti”, “Fregata” and “Astur” were less susceptible than their diploid ancestor 
cultivars, though the difference was only significant for “Astur” - “Milvus”. Screening 
more plants per cultivar would most likely allow to detect a significant difference in 
susceptibility between the other cultivar pairs. Our results indicate that tetraploids are 
indeed less susceptible than diploids. Previous research also showed that tetraploids 
are generally less susceptible to clover rot than diploids (Delclos and Duc, 1996; Halimi 
et al., 1998). Öhberg et al. (2008) found that tetraploids cultivars had significantly 
higher survival rates than diploid cultivars in infected fields in Sweden. In the 
autoploid cultivar pair, the tetrapoid “Betty” was less susceptible than the diploid 
“Bjursele” in the field (Öhberg et al., 2008), which is congruent with our results. 
However, no difference in susceptibility was found after artificial inoculation in a 
controlled environment (Öhberg, 2008).  
Chapter 5 
128 
The major reason for the better disease resistance of tetraploids is probably the 
broader dominance effect of resistance genes compared to diploids. If one assumes 
resistance alleles to be heterozygous in diploid red clover populations, at 50% 
frequency of a dominant resistance allele in the population (25% AA, 50% Aa and 25% 
aa), 75% of individuals have at least one resistance allele. In tetraploids, the frequency 
of plants having at least one resistance allele increases to 93.75%: only 6.25% of plants 
are aaaa (Oswald and Nuismer, 2007). Recent theory suggests more effects of the 
ploidy level on plant defences (King et al., 2012). Higher allelic diversity at immune 
genes could lead to faster pathogen recognition or to the recognition of a broader 
spectrum of pathogen races. Moreover, when both genome copies are expressed, 
tetraploids may generate higher amounts of gene products related to immune 
function. Protein and RNA contents often increase with the ploidy level, suggesting 
that extra chromosome sets increase gene expression. However, certain loci are up- or 
down regulated as ploidy increases, making it difficult to predict how exactly 
polyploidisation will affect particular genes (King et al., 2012).  
Another explanation may be the higher plant vigour of tetraploids (Boller et al., 2010). 
More vigorous plants could have more defences against pathogens, or a faster growth 
of plant parts that are still healthy could mask damage done by Sclerotinia spp. during 
infection. Our results indicated that high yielding plants were less susceptible to clover 
rot, so possibly a part of the ploidy effect could act through higher plant vigour. 
Tetraploids also have a lower DM content than diploids, so that nutrients in the plant 
may be more diluted, which could slow down growth of Sclerotinia mycelium. In the 
field, the higher capacity for regrowth and the lower degree of branching in 
tetraploids may explain the ploidy effect on clover rot susceptibility. The lower degree 
of branching may reduce the relative humidity around tetraploid plants, so that the 
establishment of clover rot is slowed down. Yet different capacity for regrowth or 
different branching patterns cannot explain the results of our trials, because our high-
throughput bio-test was performed on small, unbranched plants. Finally, there may be 
gene silencing and genetic or epigenetic interactions in tetraploids that could interact 
with clover rot (Dewitte, 2010).  
Three prostrate, intensively branching cultivars that can form auxiliary roots at stem 
internodes were included in our collection: “Astred”, “Broadway” and “Crossway”. T-
tests indicated that “Astred” and “Crossway” were equally susceptible to clover rot as 
the average diploid accession (p= 0.401 and p = 0.314 respectively), while “Broadway” 
was even more susceptible (p < 0.001). In other words, these findings support the 
results from our field trial where we found no correlation between growth habit or 
branching and clover rot susceptibility. In contrast to suggestions by previous authors 
(Taylor and Quesenberry, 1996), the prostrate growth habit did not render these 
cultivars more resistant to clover rot in our trials. In the field, however, diseased plants 
might recover more quickly from clover rot through auxiliary rooting. We did not test 
this effect, but results from a field production trial where “Broadway” and “Crossway” 
were observed did not reveal such a recovery effect at all after natural infection with 
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clover rot in 2010 and 2011. The poor winter hardiness of these cultivars may also 
explain the higher susceptibility.  
The cultivars “Freedom!” and “Global” are resistant to mildew and this was confirmed 
in our field trial. On the other hand, both cultivars were not more resistant than the 
average diploid accession (p = 0.318 and p = 0.700 respectively). Also in the field trial, 
no correlation was found between mildew susceptibility and clover rot susceptibility.  
Although isoflavones, among which formononetin, have been shown not to protect 
red clover against S. trifoliorum, they could be effective deterrents if produced early in 
infection (Hammerschmidt and Kagan, 2001). “Formica” and “Fregata” have been bred 
for a low level of formononetin to be used in pastures that are grazed by sheep, yet 
both cultivars were equally susceptible than the average diploid and tetraploid cultivar 
(p = 0.487 for Formica and p = 0.088 for Fregata). This supports the thesis of Debnam 
and Smith (1976) that formononetin has little or no influence on clover rot resistance.  
The tetraploid cultivar “Vanessa” was identified resistant by Vaverka et al. (2003), yet 
in our experiments “Vanessa” was not more resistant than the average tetraploid 
accession (p = 0.939). Different bio-tests, different incubation conditions or different 
Sclerotinia isolates may explain these different results. Regardless, “Vanessa” may not 
be resistant to all Sclerotinia isolates in all conditions.  
As no accession was completely resistant, it is difficult to allocate sources of 
resistance. No accessions were completely resistant, but even within highly 
susceptible accessions, one can still find some plants with low susceptibility. Indeed, 
because of the self-incompatible nature of red clover, populations are typically 
composed of a range of different phenotypes, among which disease resistance levels 
(Taylor, 2008; Taylor and Quesenberry, 1996).  
 
5.4.3. Correlations 
No significant correlations were found between clover rot susceptibility according to 
the high-throughput bio-test and levels of biochanin A, formononetin and genistein 
(Table 5.4.). Accordingly, “Formica” and “Fregata” were not more susceptible to clover 
rot in spite of their lower level of formononetin. This is in accordance with previous 
studies (Debnam and Smith, 1976; Macfoy and Smith, 1979). Levels of formononetin 
were correlated with levels of biochanin A and genistein (Table 5.4.), which can be 
explained by the common enzyme to produce all isoflavones in red clover. Flavanones 
are converted into isoflavones by isoflavone synthase (Veitch, 2009); a higher activity 




Table 5.3: Susceptibility to Sclerotinia spp., growth habit, branching, disease scores and isoflavone content for 130 red clover accessions 
Growth habit is represented as the percentage prostate plants. BIO: Biochanin A, FOR: formononetin, GEN: genistein in mg g
-1
 (Mullaney et al., 2000).  
a, b, c
 indicate significant differences (ANOVA, p < 0.05) in Sclerotinia susceptibility (plant bio-test) between accessions.  
Accession 
Sclerotinia 
leaf (% ± SE) 
Sclerotinia 

















BN 946659 12.3 ± 5.7 69.5
 a,b,c
 ± 2.6 2.50 50.0 2.4 1.8 36.7 14.3 0.7 2.01 0.18 
No 6948 94.3 ± 3.2 59.8
 a,b,c
 ± 2.3 3.00 73.1 3.3 1.9 20.0 20.8 3.3 2.79 0.09 
Perennial Bernois 64.1 ± 16.8 61.6
 a,b,c
 ± 1.8 3.00 100.0 3.0 2.3 46.7 31.6 3.7 3.27 0.15 
NSL 60086 84.9 ± 12.7 77.9
 b,c,a
 ± 5.1 3.10 84.6 3.2 2.1 40.0 26.7 3.6 2.96 0.03 
No 1687 88.6 ± 2.7 80.8
 b,c,a
 ± 3.9 2.90 59.3 3.1 1.8 46.7 24.0 2.7 2.50 0.08 
Oudenaerdse 70.3 ± 16.7 70.5
 a,b,c
 ± 11.1 2.90 96.2 3.5 2.5 23.3 29.8 4.6 2.56 0.07 
Aberystwyth S151 74.0 ± 9.3 78.4
 b,c,a
 ± 8.9 3.50 96.4 3.3 1.8 30.0 28.3 n.a. n.a. n.a. 
G 13945 69.5 ± 7.8 73.6
 a,b,c
 ± 9.0 2.20 91.3 3.6 1.2 16.7 17.4 2.8 1.89 0.05 
Merkur 43.1 ± 10.4 82.4
 b,c,a
 ± 6.3 3.30 73.3 3.0 1.5 46.7 27.9 3.2 1.57 0.07 
Groninger 88.0 ± 3.9 65.9
 a,b,c
 ± 5.1 3.00 93.1 3.8 1.8 30.0 27.1 2.4 1.97 0.04 
No 9500 76.1 ± 11.3 59.1
 a,b,c
 ± 6.3 3.40 96.2 3.3 1.9 36.7 25.4 2.8 2.16 0.05 
NSL 60106 66.9 ± 9.5 74.9
 a,b,c
 ± 8.6 3.10 96.7 3.2 2.0 33.3 34.6 2.6 1.73 0.06 
No 292 62.7 ± 10.3 49.8
 a,b,c
 ± 4.8 2.80 82.1 2.5 2.6 46.7 24.4 2.6 2.41 0.05 
No 382 85.3 ± 4.4 70.0
 a,b,c
 ± 8.8 2.80 65.5 3.3 2.4 33.3 22.6 3.1 3.26 0.22 
No 642a 41.8 ± 10.6 64.1
 a,b,c
 ± 5.6 2.80 89.3 3.3 2.0 43.3 25.3 3.4 2.69 0.10 
No 12623 76.8 ± 5.4 73.1
 a,b,c
 ± 3.0 2.40 100.0 2.2 2.4 23.3 12.9 0.2 0.01 0.01 
NSL 60134 49.1 ± 13.4 69.5
 a,b,c
 ± 3.3 3.40 100.0 3.9 2.0 43.3 34.5 3.1 2.31 0.05 
Early Otofte III 73.5 ± 12.3 69.5
 a,b,c
 ± 7.5 4.00 93.3 3.1 2.1 33.3 30.8 2.1 2.25 0.05 
NSL 60141 74.1 ± 9.2 62.5
 a,b,c
 ± 6.0 3.00 77.8 3.3 1.8 53.3 27.7 3.9 2.87 0.10 
NSL 60146 78.5 ± 8.2 59.9
 a,b,c
 ± 3.8 3.20 93.1 3.6 1.6 46.7 30.1 3.1 2.65 0.06 
No 363 51.5 ± 14.4 62.8
 a,b,c
 ± 5.9 3.00 96.4 4.1 2.0 20.0 20.0 3.6 2.48 0.07 
Zazersk 83.8 ± 8.2 58.6
 a,b,c
 ± 5.9 2.70 100.0 3.9 1.7 36.7 26.3 2.1 1.24 0.04 
No 14849 57.1 ± 11.9 67.4
 a,b,c
 ± 4.0 2.60 48.1 2.5 2.6 30.0 19.2 1.2 0.60 0.03 
Tammisto 93.5 ± 6.5 75.8
 a,b,c
 ± 3.3 3.70 14.8 2.5 1.7 46.7 27.8 2.0 1.74 0.08 
No 55_7 85.0 ± 4.3 53.8
 a,b,c
 ± 6.4 2.80 100.0 3.8 2.4 40.0 29.5 3.6 3.94 0.06 
Fertodi 81.8 ± 9.1 56.3
 a,b,c
 ± 5.5 n.a. 96.0 3.1 2.0 43.3 31.3 n.a. n.a. n.a. 
No 16104 69.3 ± 9.4 68.0
 a,b,c
 ± 3.5 n.a. 100.0 3.1 2.0 60.0 37.0 3.6 2.05 0.05 
No 8 65.6 ± 10.5 78.6
 b,c,a
 ± 1.5 3.10 69.2 3.7 2.1 40.0 24.0 6.1 2.61 0.09 
No 16213 63.6 ± 13.8 75.0
 a,b,c
 ± 3.0 2.80 100.0 3.4 1.6 40.0 20.6 4.5 2.36 0.07 
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Table 5.3: Continued 
Accession 
Sclerotinia 
leaf (% ± SE) 
Sclerotinia 


















No 16139 74.5 ± 14.4 n.a. 3.00 92.9 3.7 1.9 22.4 22.4 n.a. n.a. n.a. 
Heby 55.5 ± 12.4 74.9
 a,b,c
 ± 3.9 3.30 85.2 3.1 2.0 43.3 25.3 n.a. n.a. n.a. 
Labberud 85.6 ± 4.4 81.5
 b,c,a 
 ± 5.1 3.80 10.3 2.7 2.1 53.3 29.2 n.a. n.a. n.a. 
Sorby Okna 68.6 ± 19.9 72.3
 a,b,c
 ± 5.6 3.30 75.0 2.9 2.3 26.7 28.1 n.a. n.a. n.a. 
Svanvik 55.6 ± 10.1 61.3
 a,b,c
 ± 3.8 3.40 46.7 3.0 2.3 36.7 28.6 4.4 2.60 0.11 
Mynskyla 80.5 ± 8.6 68.0
 a,b,c
 ± 5.9 3.20 41.7 2.7 1.6 30.0 20.1 2.9 1.89 0.08 
Hinderupgaard III 71.9 ± 11.3 68.0
 a,b,c
 ± 0.9 3.22 75.0 3.2 1.8 26.7 23.6 3.3 3.05 0.06 
No 150 33.0 ± 11.3 63.4
 a,b,c
 ± 6.8 3.00 96.6 4.1 2.4 43.3 30.7 4.6 2.41 0.10 
No 3600 47.3 ± 11.8 n.a. 3.00 54.2 2.3 2.8 18.7 18.7 n.a. n.a. 0.21 
NSL 60401 40.6 ± 10.2 57.9
 a,b,c
 ± 3.9 3.00 4.5 3.5 1.8 30.0 15.1 n.a. n.a. n.a. 
No 17109 73.0 ± 6.2 61.8
 a,b,c
 ± 0.8 3.10 3.6 2.7 1.8 43.3 17.3 0.5 0.40 0.02 
K 1689 52.1 ± 13.6 66.8
 a,b,c
 ± 5.5 2.80 13.6 2.3 2.6 23.3 13.9 n.a. n.a. n.a. 
19660 83.8 ± 7.2 62.5
 a,b,c
 ± 7.5 3.10 100.0 2.9 1.9 46.7 26.1 5.2 2.00 0.06 
No 17542 74.9 ± 6.6 77.9
 b,c,a
 ± 2.1 4.40 0.0 2.8 2.1 20.0 16.9 n.a. n.a. n.a. 
K 2086 0.9 ± 0.4 73.5
 a,b,c
 ± 0.9 n.a. 0.0 2.3 2.1 56.7 31.1 n.a. n.a. n.a. 
Hrus. Ciemna 30.9 ± 11.2 64.1
 a,b,c
 ± 5.4 2.50 100.0 3.3 1.8 56.7 35.1 n.a. n.a. n.a. 
Wielkolistna 6.1 ± 2.3 n.a. n.a. 88.5 2.8 2.0 28.2 28.2 n.a. n.a. n.a. 
No 1214 28.6 ± 11.9 62.9
 a,b,c
 ± 5.1 3.00 88.9 4.3 2.9 33.3 26.0 n.a. n.a. n.a. 
Redon 8.6 ± 4.5 69.9
 a,b,c
 ± 5.9 3.00 77.8 3.9 2.8 46.7 28.0 n.a. n.a. n.a. 
PGR 13613 24.4 ± 9.1 68.8
 a,b,c
 ± 6.4 3.80 30.0 3.2 2.5 50.0 24.9 n.a. n.a. n.a. 
NSL 60492 2.1 ± 1.2 62.8
 a,b,c
 ± 9.6 2.60 96.4 2.9 2.6 56.7 23.1 n.a. n.a. n.a. 
Reichersberger 
rotklee 
29.4 ± 11.3 81.0
 b,c,a
 ± 7.3 2.60 100.0 3.3 2.2 53.3 29.8 n.a. n.a. n.a. 
Arsan 28.4 ± 13.7 70.1
 a,b,c
 ± 2.8 2.50 91.7 3.7 1.6 26.7 22.7 n.a. n.a. n.a. 
Rahn red clover 43.7 ± 12.9 74.5
 a,b,c
 ± 2.9 2.50 100.0 3.4 2.5 43.3 27.5 n.a. n.a. n.a. 
Trebol rojo 2.5 ± 1.2 58.6
 a,b,c
 ± 7.0 3.20 100.0 3.2 3.9 53.3 25.7 n.a. n.a. n.a. 
Quinekeli 19.1 ± 10.4 63.5
 a,b,c
 ± 6.0 2.40 100.0 3.5 1.9 13.3 14.2 n.a. n.a. n.a. 
Berry's 30.9 ± 12.8 70.4
 a,b,c
 ± 3.9 3.00 100.0 3.4 1.8 33.3 25.7 n.a. n.a. n.a. 
Drewitts 37.1 ± 15.1 72.4
 a,b,c
 ± 7.3 2.80 100.0 3.6 1.8 30.0 24.9 4.2 2.31 0.04 
No A-1847 3.1 ± 1.6 70.0
 a,b,c
 ± 5.9 2.40 100.0 4.2 2.3 26.7 14.1 3.7 2.36 0.05 
No 942 11.5 ± 6.8 73.9
 a,b,c
 ± 4.0 3.10 44.8 3.6 2.2 66.7 32.4 5.2 2.03 0.08 
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Table 5.3: Continued 
Accession 
Sclerotinia 
leaf (% ± SE) 
Sclerotinia 

















Dettenbuhl 8.9 ± 4.7 58.6
 a,b,c
 ± 4.6 2.80 100.0 4.0 2.0 43.3 27.4 n.a. n.a. n.a. 




 ± 6.4 n.a. 88.5 3.9 2.2 30.0 21.6 n.a. n.a. n.a. 
M-193 6.9 ± 2.9 75.8
 a,b,c
 ± 4.1 3.90 0.0 3.8 2.4 63.3 29.1 n.a. n.a. n.a. 
No 188 22.8 ± 9.5 75.3
 a,b,c
 ± 3.1 2.40 10.7 3.1 2.2 46.7 21.1 n.a. n.a. n.a. 
Jripo F81 11.9 ± 3.5 n.a. n.a. 36.0 3.0 1.7 36.7 22.2 n.a. n.a. n.a. 
G 17210 93.3 ± 5.4 74.0
 a,b,c
 ± 5.3 3.00 81.5 3.0 2.3 43.3 29.4 n.a. n.a. n.a. 
Sofia 66 3.3 ± 1.5 73.5
 a,b,c
 ± 3.3 2.70 100.0 3.1 2.5 30.0 29.0 n.a. n.a. n.a. 




 ± 2.3 3.90 60.0 3.0 2.4 13.3 19.6 n.a. n.a. n.a. 
Bakonyi    n.a. 59.0
 a,b,c
 ± 8.8 3.20 96.3 2.5 1.9 40.0 31.4 n.a. n.a. n.a. 
Cigandi 13.4 ± 6.0 73.3
 a,b,c
 ± 1.8 3.00 100.0 2.9 1.8 40.0 30.0 n.a. n.a. n.a. 
Gloria M. U. 80.2 ± 9.6 66.4
 a,b,c
 ± 5.6 3.30 100.0 2.5 2.3 50.0 26.2 n.a. n.a. n.a. 
Kirovskij 159 4.9 ± 2.5 79.3
 b,c,a
 ± 4.5 3.10 20.0 2.6 3.0 23.3 25.0 n.a. n.a. n.a. 
Sofia 52 20.3 ± 8.3 71.1
 a,b,c
 ± 6.3 2.80 100.0 3.1 2.7 26.7 27.9 n.a. n.a. n.a. 




 ± 7.3 2.80 100.0 3.4 1.5 33.3 23.2 n.a. n.a. n.a. 
Viola 6.7 ± 2.5 66.1
 a,b,c
 ± 4.1 2.80 100.0 2.9 2.3 43.3 33.6 n.a. n.a. n.a. 
Perena 79.6 ± 6.8 71.1
 a,b,c
 ± 9.0 2.60 100.0 3.0 2.4 33.3 33.4 n.a. n.a. n.a. 
296 7.4 ± 3.9 66.8
 a,b,c
 ± 6.1 3.20 96.2 3.3 1.8 16.7 22.1 n.a. n.a. n.a. 




 ± 4.3 3.00 95.8 1.9 3.0 30.0 25.8 n.a. n.a. n.a. 
Hungaropolyloid 5.0 ± 3.8 65.6
 a,b,c
 ± 11.3 2.90 50.0 3.9 1.7 33.3 15.1 n.a. n.a. n.a. 
Tenda selection 7.8 ± 3.3 70.6
 a,b,c
 ± 7.5 3.50 75.9 2.0 2.3 46.7 31.1 n.a. n.a. n.a. 
SV-0116 26.2 ± 9.8 78.1
 b,c,a
 ± 5.0 3.80 70.0 2.7 2.2 66.7 30.4 n.a. n.a. n.a. 
D-1600 11.5 ± 5.0 65.6
 a,b,c
 ± 2.4 3.10 51.9 3.6 2.1 36.7 24.9 n.a. n.a. n.a. 




 ± 4.0 2.50 86.4 3.4 2.0 26.7 22.4 n.a. n.a. n.a. 
G 21245 12.5 ± 9.8 70.9
 a,b,c
 ± 9.9 3.40 100.0 1.5 3.3 46.7 35.5 n.a. n.a. n.a. 
Waesse 8.1 ± 4.6 n.a. 2.60 96.7 4.0 2.2 40.0 32.6 n.a. n.a. n.a. 
NSL 60104 16.7 ± 7.6 n.a. 3.20 100.0 3.5 2.6 43.3 26.5 n.a. n.a. n.a. 
No 16 19.1 ± 6.6 n.a. 2.80 68.0 3.6 2.2 20.0 20.5 n.a. n.a. n.a. 
No 16043 16.0 ± 5.6 n.a. n.a. 17.2 4.3 2.1 40.0 22.9 n.a. n.a. n.a. 
No 16082 17.1 ± 11.
0 
n.a. 3.10 96.2 3.1 2.2 46.7 28.9 n.a. n.a. n.a. 
Spannarp 16.2 ± 7.8 n.a. 3.10 53.6 3.9 2.3 46.7 27.1 n.a. n.a. n.a. 
Hinderugaard III 8.8 ± 4.7 n.a. 3.80 96.6 2.9 1.7 50.0 35.1 n.a. n.a. n.a. 
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NSL 60381 2.7 ± 1.5 n.a. 2.90 100.0 4.1 2.0 50.0 29.4 n.a. n.a. n.a. 
No 3725 1.6 ± 0.7 n.a. 2.50 85.7 2.6 2.9 20.0 20.2 n.a. n.a. n.a. 
No 587 37.0 ± 13.6 n.a. 2.70 n.a. 3.7 2.4 36.7 28.1 n.a. n.a. n.a. 
Sepia 11.4 ± 6.6 n.a. 2.70 n.a. 2.3 3.1 43.3 28.3 n.a. n.a. n.a. 
C 64 6.9 ± 3.1 n.a. 3.00 n.a. 3.7 1.7 46.7 31.3 n.a. n.a. n.a. 
C 208 6.4 ± 3.4 n.a. 3.10 n.a. 2.2 1.4 63.3 34.1 n.a. n.a. n.a. 
Aberblaze 21.9 ± 8.9 67.6
 a,b,c
 ± 9.3 3.50 96.6 3.47 2.37 40.00 32.62 n.a. n.a. n.a. 
Astred 14.9 ± 5.4 82.1
 b,c,a
 ± 1.6 3.30 17.2 3.26 1.76 66.67 24.76 n.a. n.a. n.a. 
Astur 13.7 ± 4.8 62.5
 a,b,c
 ± 5.9 n.a. 96.6 3.31 3.27 43.33 34.77 n.a. n.a. n.a. 
Atlantis   n.a. 56.6
 a,b,c
 ± 4.6 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
Avanti*   n.a. 54.2
 a,b,c
 ± 7.9 n.a. 100.0 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
Avisto* 7.3 ± 2.3 60.4
 a,b,c
 ± 6.6 2.80 29.6 2.10 2.97 56.67 42.34 n.a. n.a. n.a. 
Broadway 19.2 ± 6.7 77.5
 b,c,a
 ± 4.3 3.60 0.0 3.20 1.41 40.00 29.01 n.a. n.a. n.a. 
Crossway 5.8 ± 2.7 76.6
 a,b,c
 ± 5.6 4.10 100.0 2.33 1.12 53.33 27.92 n.a. n.a. n.a. 
Diplomat 32.1 ± 7.9 70.5
 a,b,c
 ± 4.8 2.90 96.4 2.99 2.46 40.00 41.99 n.a. n.a. n.a. 
Divin 17.4 ± 5.8 75.0
 a,b,c
 ± 5.8 2.70 100.0 3.26 2.75 50.00 33.62 n.a. n.a. n.a. 
Formica 39 ± 6.3 70.2
 a,b,c
 ± 4.9 3.00 100.0 3.18 1.78 40.00 34.98 n.a. n.a. n.a. 
Freedom! 24.9 ± 6.9 71.9
 a,b,c
 ± 5.8 2.60 100.0 1.76 2.96 46.67 37.29 n.a. n.a. n.a. 
Fregata 37.7 ± 6.2 64.7
 a,b,c
 ± 4.6 n.a. 100.0 3.58 1.67 63.33 34.63 n.a. n.a. n.a. 
Global* 9.3 ± 4.5 63.3
 a,b,c
 ± 3.6 3.50 n.a. 1.53 3.96 43.33 38.67 n.a. n.a. n.a. 
Harmonie   n.a. 70.6
 a,b,c
 ± 3.8 n.a. 100.0 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
Larus 15.1 ± 7.3 62.4
 a,b,c
 ± 3.8 n.a. 100.0 3.64 2.67 40.00 37.36 n.a. n.a. n.a. 
Lemmon* 19.6 ± 7.5 72.6
 a,b,c
 ± 4.3 3.50 n.a. 2.15 3.52 46.67 34.73 n.a. n.a. n.a. 
Magellan   n.a. 70.6
 a,b,c
 ± 2.6 n.a. 100.0 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
Maro 11.5 ± 3.8 49.3
 a,b,c
 ± 3.5 n.a. n.a. 4.04 1.79 53.33 37.66 n.a. n.a. n.a. 
Merian*   n.a. 52.3
 a,b,c
 ± 9.1 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
Merula   n.a. 59.4
 a,b,c
 ± 10.6 n.a. 96.7 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
Merviot* 21.5 ± 7.6 58.0
 a,b,c
 ± 4.5 3.50 96.4 2.97 2.89 33.33 37.88 n.a. n.a. n.a. 
Milvus 20.4 ± 5.4 78.6
 a,b,c
 ± 8.8 3.00 100.0 2.85 2.83 53.33 36.12 n.a. n.a. n.a. 
Mistral 16.6 ± 7.5 54.8
 a,b,c
 ± 7.0 3.30 100.0 3.06 2.35 50.00 31.23 n.a. n.a. n.a. 
Mont Calme 23.1 ± 3.9 79.3
 b,c,a
 ± 4.5 2.80 n.a. 3.49 2.23 56.67 33.67 n.a. n.a. n.a. 
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Nemaro   n.a. 87.0
 c,a,b
 ± 4.5 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
Pavo   n.a. 65.6
 a,b,c
 ± 2.9 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
Regent   n.a. 71.9
 a,b,c
 ± 6.6 n.a. 100.0 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
Rotra 17.2 ± 4.3 54.0
 a,b,c
 ± 6.8 n.a. 10.0 4.08 3.12 50.00 34.31 n.a. n.a. n.a. 
Rubitas 3.9 ± 1.3 68.9
 a,b,c
 ± 3.9 2.70 n.a. 4.17 2.03 70.00 30.07 n.a. n.a. n.a. 
Suez   n.a. 76.1
 a,b,c
 ± 7.6 n.a. 93.3 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 
Taifun 9.2 ± 3.9 64.7
 a,b,c
 ± 3.8 n.a. 100.0 4.11 2.64 36.67 34.86 n.a. n.a. n.a. 
Tedi 17.8 ± 7.3 42.2
 a,b,c
 ± 8.6 n.a. 100.0 4.00 2.67 50.00 32.89 n.a. n.a. n.a. 
Vanessa 10.2 ± 4.6 55.0
 a,b,c
 ± 2.0 n.a. 100.0 3.11 2.60 43.33 37.22 n.a. n.a. n.a. 
Violetta 7.19 ± 6.3 n.a. 4.10 100 3.53 2.83 33.33 30.1 n.a. n.a. n.a. 
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Table 5.4. Correlations between clover rot susceptibility (%) according to the 
high-throughput bio-test and levels of isoflavones from Mullaney et al. (2000) 
 clover rot 
susceptibility (%) 
formononetin Biochanin A genistein 
clover rot 
susceptibility (%) 
r = 1 (p = 0.247) (p = 0.674) (p = 0.997) 
formononetin  r = 1 
r = 0.604 
(p < 0.001) 
r = 0.485 
(p = 0.003) 
Biochanin A   r = 1 
r = 0.184 
(p = 0.282) 
The results for clover rot susceptibility from our field trial and our high-throughput 
bio-test were not correlated (p = 0.685). The different Sclerotinia isolates that were 
used in both experiments are probably the most important reason for the poor 
correlation between both bio-tests. The field experiment was done with a mixture of 
four local, Belgian isolates because we wanted to estimate the resistance of all 
accessions against clover rot in our region. The aggressiveness of the isolates used in 
the field trial is unknown. The high-throughput bio-test was performed with a mixture 
of five aggressive isolates from various locations in Europe, in order to study clover rot 
resistance on a European scale. Moreover, in the high-throughput bio-test one S. 
sclerotiorum isolate was used, whereas in the field experiment only S. trifoliorum 
isolates were used. Although no pathotypes were observed among 30 Sclerotinia 
isolates in Chapter 4 above, some interaction between plant genotypes and Sclerotinia 
isolates was present, so plants may react differently to different isolates.  
A second reason for the poor correlation may be that the detached leaf bio-test took 
multiple days to perform, so that there may have been an effect of time. The high-
throughput bio-tests on the other hand, were scored in one day. Third, only a fraction 
of the total variance was explained by accessions in the high-throughput bio-test. 
Most of the variance resided between plants within accessions. Also, both bio-tests 
screened different plants and different numbers of plants: maximum 10 plants in the 
detached leaf bio-test and maximum 32 plants in the high-throughput bio-test. A 
sample of 10 plants might not be enough to provide an accurate average of clover rot 
resistance. A fourth reason for the poor correlation may be that plants dispose of 
more defence mechanisms than isolated leaves. While leaves only dispose of 
preformed barriers, plants can also translocate or de novo synthesise antifungal 
compound. In other words, the detached leaf bio-test probably only reveals some of 
the plant’s defence mechanisms. Finally, plants from the field trial were sampled at 
the age of two years, when some plants were infected by viruses or perhaps other 
diseases that may have influenced the plants’ defence responses. Virus infections can 
remain symptomless for a long time while they weaken the plant and affect its 
defence mechanisms. The high-throughput bio-test was executed on young plants that 





Among the 121 diverse red clover accessions that were tested in the field, significant 
differences in clover rot susceptibility were found. Within accessions, susceptibility of 
individual genotypes also varied extensively. This is the first time that correlations 
between clover rot susceptibility, branching, growth habit, susceptibility to other 
diseases and plant yield were investigated in such a large red clover collection. Clover 
rot susceptibility was not correlated with branching, growth habit or susceptibility to 
mildew and viral disease. Susceptibility to rust disease and clover rot were negatively 
correlated. Plant yield was negatively correlated with clover rot susceptibility, 
indicating that well growing, vigorous plants were less susceptible to clover rot.  
In the high-throughput bio-test on young plants, accessions differed significantly in 
susceptibility, though no completely resistant accessions were found. The accessions 
“Tedi”, “Maro” and “No 292” were more resistant than the average accession. Among 
the 15 diploid accessions that were more susceptible, the cultivar “Nemaro” was most 
susceptible. Cultivars were less susceptible than landraces and wild accessions. This 
indicates that predominantly cultivars, but also some landraces can be suitable 
sources of clover rot resistance. Tetraploid cultivars were less susceptible than diploid 
cultivars by 11.7%. We found no correlation between clover rot susceptibility and 
isoflavone levels: accessions with high and low isoflavone contents were equally 
susceptible to clover rot.  
It is difficult to allocate sources of resistance for breeding purposes. Tetraploid 
cultivars may seem most suitable, but because all tetraploid cultivars arose from 
diploid populations, resistance alleles that are present in tetraploid cultivars must also 
be present in (at least some) diploid populations. Therefore, tetraploid cultivars are 
not necessarily the best sources of resistance. Our results showed that recent cultivars 
contain the same or a higher degree of resistance than wild populations and 
landraces. Hence, introducing wild germplasm in breeding material is probably not 
useful, as clover rot resistance will most likely not improve and wild germplasm will 
bring along various undesired traits. Fortunately, there was a large variation in 
resistance among genotypes within accessions. Even within highly susceptible 
accessions, one can still find plants with low susceptibility. The large variation in 
resistance among genotypes indicates a polygenic inheritance.  
Probably, the best way to improve clover rot resistance is to select recurrently for 
resistant plants among diverse cultivars (and landraces) with lower susceptibility. The 
bio-test can be applied at the beginning of each selection cycle but would be most 
useful in the first cycle of selection when the genetic diversity is largest. Both diploid 
and tetraploid populations can be used. Although complete resistance may be never 
achieved, but years of recurrent selection are likely to improve resistance. 
Tetraploidisation of diploid populations with a higher resistance level can provide an 
additional level of protection against clover rot. Especially meiotic tetraploids would 
be most suitable, as they maintain a higher degree of heterozygocity in the first 
generations after polyploidisation.  









This chapter provides insight in the inheritance of clover rot resistance in red clover.  
To estimate the number of major genes contributing to clover rot resistance, we 
constructed 15 F1 mapping populations. Pair crosses were made between ramets of 
resistant and susceptible genotypes from diploid populations from various regions, 
including wild material, landraces and cultivars. Progeny plants were evaluated 
phenotypically in the high-throughput bio-test to study the segregation. The number 
of main genes contributing to the resistance was estimated and the possibility of 
maternal inheritance was examined.  
Second, to get insight in the heritability of clover rot resistance, we applied divergent 
selection by the high-throughput bio-test on an experimental diploid population. The 
most resistant plants and the most susceptible plants were selected and progeny 
populations were bred. The next year, we again selected the most resistant plants 
from the resistant population. The susceptibilities of the susceptible progeny 
population, the first and the second generation resistant progeny populations were 
compared with the original population to determine whether selection by our high-
throughput bio-test had altered the resistance level. The heritability of clover rot 
resistance was estimated from the responses to selection. Suitable methods to 






6.2.1. Analysis of quantitative traits 
Various traits of agricultural importance are not determined by one or a few genes, 
but by a large range of genes with small, individual effects. Such traits are called 
quantitative traits and the genes influencing them are QTLs. Kearsey and Pooni (1996) 
have defined major gene traits or qualitative traits as “traits for which the variation is 
due to allelic differences at just one or two loci and the effects of allelic differences on 
the phenotype are sufficiently large relative to differences due to the environment that 
the genotype of an individual can be easily determined from its phenotype”. 
Quantitative traits are “traits for which the observed variation is due to the 
segregation of several polymorphic genes, for each of which the effects of the allelic 
differences on the phenotype are generally small compared with the effects of the 
environment ... and the genotype of individuals cannot normally be determined from 
their phenotype” (Kearsey and Pooni, 1996). Qualitative traits are often analysed by 
segregating populations. Individuals are phenotyped for the trait of importance and 
divided into categories. The frequency of individuals in each category is compared 
with the expected Mendelian segregation ratios for one to several genes by means of 
χ
2
 goodness of fit tests (Saint Clair, 2010). Quantitative traits are analysed with a QTL 
study: segregating populations are phenotyped, genotyped with molecular markers 
and candidate QTLs are localised in the genome.  
Although QTL studies have been performed in various plant species, few QTL studies 
were done in self-incompatible species such as red clover, because of the difficulty to 
develop inbred lines for segregation analysis. The most commonly used approach for 
identifying QTLs in self-incompatible species is to develop pseudo-testcross 
populations for segregation analysis and then identify QTLs by simple interval mapping 
or Kruskal-Wallis analysis (Klimenko et al., 2010; Liebhard et al., 2003; Sim et al., 2007; 
Studer et al., 2007). With these techniques, candidate QTLs have been identified in 
some self-incompatible species. Yet very few of these QTLs are usable for MAS, as the 
results of simple interval mapping are often difficult to interpret due to complex 
factors such as haplotype phase, haplotype combination, high heterozygosity and 
interaction between QTLs (Herrmann et al., 2008; Klimenko et al., 2010). Fortunately, 
a new QTL mapping technique called genotype matrix mapping has been developed by 
Isobe et al. (2007). While simple interval mapping is a parametric approach, genotype 
matrix mapping and Kruskal-Wallis analysis are non-parametric methods (Isobe et al., 
2007; Klimenko et al., 2010). Simple interval mapping and Kruskal-Wallis analysis 
detect single locus effects, while genotype matrix mapping can identify multiple locus 
effects and interaction between QTLs. With genotype matrix mapping, families instead 
of segregating populations derived from inbred lines can be used as mapping 
populations. This makes genome matrix mapping a more suitable technique for QTL 
studies in self-incompatible species such as red clover (Klimenko et al., 2010).  
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Candidate QTLs for resistance to S. sclerotiorum have been identified in various crops 
such as sunflower (Bert et al., 2004; Micic et al., 2004; Rönicke et al., 2005; Yue et al., 
2008), rapeseed (Zhao and Meng, 2003), soybean (Arahana et al., 2001; Kim and Diers, 
2000; Vuong et al., 2008) and common bean (Miklas, 2007; Park et al., 2001). Most of 
these QTLs explain between 10% and 23% of the phenotypic variation. Resistance to S. 
sclerotiorum in common bean is controlled by more than 10 independent QLRs, of 
which two QRLs explained between 30% and 52% of the phenotypic variation (Miklas, 
2007).  
Although the genetic mechanisms of resistance to Sclerotinia spp. are well 
characterised in some crops such as common bean, little is known about the genetics 
of Sclerotinia resistance in red clover. In red clover, QTLs have been identified for seed 
yield and persistence (Herrmann et al., 2006; Herrmann et al., 2008). Herrmann et al. 
(2008) crossed a genotype from the Belgian cultivar “Violetta” (moderate persistence 
and high seed yield) with a genotype from the Swiss cultivar “Corvus” (high 
persistence and low seed yield) to construct an F1 mapping population. A QTL was 
identified that explained between 7% and 12% of the total variation for persistence on 
linkage group 3 (Herrmann et al., 2008). Klimenko et al. (2010) performed a QTL 
analysis for resistance to S. trifoliorum, Fusarium spp. and winter hardiness, three 
traits associated with persistence in red clover. Two mapping populations were 
constructed by crossing a wild genotype from the Arhangelsk region in Russia with 
genotypes from the Russian cultivar “Srednerusskiy” and the Japanese cultivar 
“Hokuseki”. An important QTL associated with clover rot resistance was located on 
LG6 in both mapping populations. Three candidate QTLs were identified on LG3 by 
multiple mapping approaches, where Herrmann et al. (2008) had also found a 
candidate QTL for persistence.  
These former studies have used germplasm from western Europe and Russia – Japan, 
but not on a worldwide scale. Moreover, previous studies have typically used mapping 
populations with a high amount of cultivar germplasm. Possibly, these populations do 
not contain sufficient diversity for clover rot resistance, as cultivars may only contain 
some QTLs for clover rot resistance. More QTLs may be present among landraces and 
wild accessions. It would be interesting to construct mapping populations that include 
germplasm from various regions in the world and to use cultivars, wild accessions and 
landraces to capture as much as possible of the total variation for clover rot 
resistance. Therefore, we used wild material, landraces and cultivars from various 
regions to construct the 15 F1 mapping populations used in this chapter.  
Most resistance genes, whether qualitative or quantitative, are located on 
chromosomes and are inherited in a Mendelian way. However, some resistance genes 
are encoded by chloroplast or mitochondrial genomes and are transmitted by the 
mother plant. For example the T-urf13 gene in maize that confers resistance to 
southern leaf blight (Cochliobolus heterostrophus) is located in the mitochondrial 




6.2.2. Pair crosses in red clover 
A protocol for pair crossing red clover manually was described by Taylor and 
Quesenberry (1996). Emasculation is not necessary because of self-incompatibility. 
The optimum stage to pollinate red clover is shortly after the flowers open and before 
they begin to wilt, a time period that usually captures three days. Pollen should be 
moist but not wet and yellow-coloured. Flowers should be kept dry for at least two 
days in order to prevent dying of the introduced pollen. A less labour intensive 
method to perform pair crosses in red clover is to use controlled pollination by 
honeybees or bumblebees. Seed set per head is typically higher with insect pollination 
than with manual pollination. Red clover is naturally pollinated by insects, 
predominantly honeybees (Apis mellifera L.) and bumblebees (Bombus spp.). Yet 
compared to other flowering crops, pollination of red clover is difficult (Boller et al., 
2010). In red clover, the nectar glands are located deep in the corolla tubes that 
measure between 8 and 10 mm, depending on the genotype (Bond and Fyfe, 1968; 
Hawkins, 1971). Yet many bee species have substantially shorter tongues (Table 6.1.), 
so that they often encounter problems reaching the nectar glands. Instead, honeybees 
feed on red clover pollen, but they are less attracted to flowering red clover crops and 
will only visit red clover flowers if no other flowering plants are available in the 
neighbourhood. The prevailing bumblebee species in Belgium, Bombus terrestris L., is 
a poor pollinator of red clover due to its short tongue length. These bees tend to 
puncture the corolla and rob the nectar without getting in contact with the anthers or 
stigma (Boller et al., 2010). Pollination of red clover is most efficient by less prevalent 
Bombus species with long nozzles such as Bombus pascuorum. Bumblebees can be 
purchased from commercial companies such as BioBest and Koppert. Unfortunately, 
these companies only supply B. terrestris, a poor pollinator for red clover. Drones of B. 
terrestris can survive up to two weeks outside of their hive, so that they are suitable 
for pollination in isolated cages.  
Table 6.1: Average tongue length of the prevailing bee species in western Europe 
(source: http://www.bumblebee.org/bodyTongue.htm (visited 2012)) 
Species Tongue length (mm) 
Apis mellifera 6.3- 6.6 
Bombus hortorum 12.0 
Bombus lapidaries 6.0 
Bombus pascuorum 7.6 
Bombus pratorum 6.4 
Bombus terrestris 5.8 
Red clover plants exhibit strong gametophytic self-incompatibility, so that no self-
pollination can take place in pair crossings. On the other hand, a limited amount of 
pseudo self-incompatibility can occur in exceptional cases, for example when flowers 
are exposed to temperatures between 30°C and 40°C (Taylor and Quesenberry, 1996). 
If self-pollination takes place, seedlings are likely to suffer from inbreeding depression 
and are easily recognisable as weak, small, slow growing and poorly branching plants.  
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6.2.3. Heritability of a trait 
In outcrossing, heterogeneous populations such as red clover, selection of 
phenotypically superior plants for breeding is usually successful. Over generations, the 
mean phenotype of the population will change in the direction of selection, provided 
that the population has not previously been subjected to long-term selection for the 
same trait. Figure 6.1. represents the response to selection in an outcrossing 
population. Phenotypes in the parent population have an average value x1 for the trait 
of interest. Phenotypes above the truncation point T (with average trait value x3) are 
selected to breed the next generation. In the progeny population, the population 
mean is x2. The selection differential (S) is the difference between the means of the 
parent population and the individuals that reproduce (S = |x3 – x1|). The response to 
selection (R) is the difference between the means of the parent population and the 
offspring (R = |x2 – x1|) (Falconer and Mackay, 1996; Hartl and Clark, 2007).  
 
Figure 6.1: Selection pressure and response to selection 
in an outcrossing population (Hartl and Clark, 2007) 
Typically, x2 is larger than x1. The reason for this is that many of the selected parent 
plants have favourable genotypes and pass on favourable alleles to their progeny. At 
the same time, x2 is often smaller than x3 for two reasons. The exceptional phenotypes 
of some selected parents can be due to environmental effects rather than favourable 
genotypes, so that no favourable alleles are transmitted to the offspring. Moreover, 
favourable genotypes are often due to specific combinations of alleles that are not 
transferable to the progeny, as genotypes are often disrupted by segregation and 
recombination (Hartl and Clark, 2007).  
The narrow sense heritability (h
2
) is the ratio of additive genetic variance over 
phenotypic variance, or the response to selection (R) over the selection differential (S). 
This formula is called the “breeders equation”. It is the most fundamental equation in 
breeding, be it plant or animal breeding.  







       










A new technique, bio-test or breeding scheme should be rejected if it cannot increase 
R or some conditional measure of R, e.g. R adjusted for costs. If a technique has no 
effect on R, it is not part of breeding. Heritabilities below 0.20 are said to be very low, 
values between 0.20 and 0.40 low, 0.40 to 0.60 moderate and above 0.60 high 
(Mackay, 2012). 
The heritability is a property of the trait, but also of the population and of the 
environmental circumstances to which the individuals are subjected. Heritability may 
differ between populations because the heritability depends on the allele frequency of 
the trait that may differ from population to population. The influence of the 
environment on h
2
 depends on the conditions of culture or management: variable 
conditions reduce the heritability, more uniform conditions increase it. Finally, the 
way in which the phenotype is measured also has an influence on the heritability 
(Falconer and Mackay, 1996). In principle, the heritability of a trait changes after each 
generation of selection because selection in the parent population reduces the genetic 
variance and the response in the progeny population implies that the gene 
frequencies have changed. In other words, the heritability should theoretically be re-
determined in each generation to predict the response after selection in later 
generations. Yet in quantitative traits, gene frequency changes are often small so that 
the heritability will not notably change during the first generations of selection. The 
response to selection is usually maintained with little change up to ten and more 
generations of selection (Falconer and Mackay, 1996).  
Heritabilities cannot be easily estimated with great precision, and most estimates for 
h
2
 have rather large standard errors. Precise estimates for h
2
 can be obtained from the 
degree of resemblance between relatives, e.g. between offspring and one parent, 
between offspring and both parents, between half sibs and between full sibs (Mackay, 
2012). Less precise estimations can be made directly from the breeders equation by 
observing the response to selection in function of the selection pressure (Hartl and 
Clark, 2007). Delclos and Duc (1996) found that the heritability of clover rot resistance 
was between 0.50 and 0.70 in diploid red clover populations, but the heritability 
depended heavily on the applied selection pressure.  
Progress under selection cannot continue forever. When genetic variation is 
exhausted, a population will reach a selection limit after which it no longer responds 
to selection. A sustained response to selection must therefore be based either on 
segregating alleles with small effects or on new mutations (Hartl and Clark, 2007). 
Sometimes a trait responds to selection for a few generations, then ceases to respond, 
but later responds again when selection is continued. In such cases, the population has 
reached a plateau and is in linkage disequilibrium. After sufficient recombination, 
allelic associations are broken and the latent genetic variation is released so that 
response to selection can continue (Hartl and Clark, 2007).  
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6.3. Materials and methods 
6.3.1. Pair crosses between resistant and susceptible plants 
A number of resistant and susceptible genotypes from diploid accessions tested in 
Chapter 5 were chosen as parents for pair crosses. A total of 22 resistant plants from 
18 resistant accessions were propagated: the genotypes’ leaf damage was below 1% 
and the average leaf damage of their accessions was below 15%. As susceptible 
parents we chose 12 plants with leaf damage 100% from 12 accessions with average 
leaf damage above 80%. Ramets were made in autumn 2010 and maintained during 
the winter. Unfortunately, many ramets perished during the winter due to virus 
infections, but sufficient plants remained healthy. In the summer of 2011, 15 pair 
crosses were made between ramets of 11 resistant and 3 susceptible genotypes from 
totally different origins, including wild accessions, landraces and cultivars (Table 6.2.).  
Pairs of plants were planted in a greenhouse and joined together in a closed cage right 
before flowering (Figure 6.2.). When flowering initiated, between 5 and 7 drones from 
Bombus terrestris were released weekly in each cage during six weeks. The 
bumblebees survived for one or two weeks and pollinated the flowers. Seeds were 
harvested per plant.  
 
 
Figure 6.2: Picture of the cages that were used to execute the pair crosses 




6.3.2. Number of major genes involved in clover rot resistance 
The susceptibility of the progeny was evaluated in the high-throughput bio-test. Seeds 
were germinated in a germination chamber at 25°C and 100% relative humidity. 
Immediately after germination, seedlings were gently transferred to Quickpot® trays. 
For each pair cross, the progeny from each parent was evaluated separately, except 
when not enough seeds were available from both parents, as in crosses 7 and 9 (Table 
6.2.). In these cases, only seed of one parent was used. Progeny plants were planted in 
one row (12 plants) per tray and eight replications per parent were sown in 
randomised order. In total, 96 progeny plants were available per parent and 192 
plants per pair cross. Plants were cut with sterilised scissors at age 6 and 10 weeks. 
Inoculation was done at age 12 weeks with a mixture of ascospores from five 
aggressive isolates 
Cz.A 12, Fr.A 2, Fi.A, Sw.A and UK.A. After 14 days, plants were scored from 1 to 5 and 
the segregation of clover rot susceptibility was determined in each progeny 
population.  
When analysing the inheritance of resistance, the term locus refers to a genomic 
region associated with resistance, yet this region could contain more than one gene 
(Muyle, 2003). Because red clover is a strictly outcrossing species, plant genotypes are 
very heterozygous, so we assumed that four different alleles per locus were involved 
in each cross. The resistant parent would contain a dominant resistance allele and a 
recessive allele on each resistance locus. The susceptible parent would have two 
recessive alleles at all resistance loci. Four hypotheses for the inheritance of clover rot 
resistance were evaluated using χ
2
-tests: plants with disease score 1 and 2 were 
considered as resistant and plants with scores 3,4 and 5 were considered susceptible:  
1. If one gene confers resistance and the resistance allele (present in the 
resistant parent) acts in a dominant way, we expect to find a 1:1 segregation 
of resistant (score 1 or 2) and susceptible (score 3, 4 or 5) F1 plants.  
2. If two loci are involved and there is no interaction between loci, we expect to 
find a 3:1 segregation of resistant and susceptible F1 plants.  
3. If two loci are present and if they interact additively, we expect to find a 1:2:1 
segregation, or, when plants with intermediate susceptibility are considered 
susceptible, a 1:3 segregation of resistant and susceptible F1 plants.  
4. If three loci are present and if they interact in an additive way, we expect to 
find a 1:3:3:1 ratio, or a 1:7 ratio of resistant and susceptible F1 plants.  
Possibly, more than three major genes will be involved in clover rot resistance, so that 
the segregation of the progeny will not match any of the above hypotheses. 
Segregation patterns approximating normal distributions would indicate that there are 
more than three major loci influencing clover rot resistance, or possibly only 
numerous minor effect loci that act simultaneously. 
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The presence of maternal inheritance was examined. For each pair cross, χ
2
-tests were 
performed separately for the progeny harvested on the resistant and the susceptible 
parents. Plants with disease score 1 and 2 were considered resistant and plants with 
scores 3,4 and 5 were considered susceptible. The most likely number of involved 
genes was estimated for both progeny groups.  
 
6.3.3. Heritability of clover rot resistance 
The high-throughput bio-test on young plants was applied on an experimental diploid 
population from the ILVO breeding programme. The population was composed of 
European cultivar germplasm with moderate resistance against clover rot. This 
population was chosen because Chapter 5 indicated that cultivars were the most 
resistant type of population, so estimates for h
2
 would be most useful in cultivar 
germplasm. Three experiments were done to estimate the heritability from the 
response to selection (Figure 6.3.). 
In experiment 1, 60 trays were sown with our original population (O) to be inoculated 
with a mixture of ascospores from isolates Be.A 2, Be.B 9, Be.C and Be.D 5 in equal 
amounts. Belgian isolates were used because of biosafety reasons. The mixture 
contained 80 000 viable ascospores ml
-1
. The plants were scored after 13 days 
incubation and 422 plants with score 1 and the 913 most healthy-looking plants with 
score 2 were selected. The 1335 selected plants were cut, brought in dry conditions, 
allowed to recover for two weeks and planted in the field in isolation. Seeds were 
harvested in bulk. The progeny from the resistant plants was called the resistant 
population (R).  
The next spring, experiment 2 was performed. Ten trays were sown with the original 
population and ten trays were sown with the resistant population. All plants were 
inoculated with a mixture of ascospores from the same isolates used in experiment 1 
and incubated simultaneously for 14 days in the same infection tunnel. The 
susceptibilities of the O and R populations were compared. A χ
2
-test was performed to 
determine whether selection by our high-throughput bio-test had effectively increased 
the resistance level. In the χ
2
-test, the number of plants in the five disease classes 
were compared after correcting for the number of scored plants in each population. 
h
2
O – R 1 was estimated from the breeders equation. From the resistant population, 197 
resistant plants with disease score 1 were selected. From the original population, 109 
susceptible plants with disease score 4 were selected, because plants with disease 
score 5 cannot recover anymore. All selected plants were cut and allowed to recover 
in dry conditions. Plants with score 4 were given a fungicide treatment with 2 ml per 
plant of Rovral SC® at 0.13 g l
-1
 to stop infection. After recovery, 86 remaining resistant 
plants (R
2
) and 30 remaining susceptible (S) plants were planted in isolation and seeds 
were harvested in bulk. 
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In experiment 3, 40 trays were sown with the four experimental populations: S, O, R 
and R
2
. Each tray contained 24 plants (three adjacent columns of 8 plants) from each 
population. The population order was changed randomly among trays to minimise 
environmental effects. All plants were inoculated with a mixture of ascospores from 
isolates Be.A 2, Be.B 9, Be.C and Be.D 5, incubated in the same infection tunnel and 
scored after 14 days. The susceptibilities of the four populations were compared and 
ANOVA was performed to reveal significant differences. Different estimations of the 
heritability h
2
S – O, h
2
O – R 2 and h
2
R – R² were calculated by comparing response to 
selection between the S – O, the O – R and the R – R² groups.  
 
Figure 6.3. Schematic representation of the experiments that were done 
to estimate the heritability of clover rot resistance 
S: susceptible population; O: original population; R: first generation resistant population; 
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6.4. Results and discussion 
6.4.1. Pair crosses between resistant and susceptible plants 
Seeds were harvested per plant from each pair cross (Table 6.2.). The thousand seed 
weight of diploid red clover is around 2 g. More details about the selected accessions 
are given in Table 5.1 (see 5.3.2.).  
Table 6.2: Genotypes that were used in the 15 pair crosses along with their respective disease 
scores, the disease scores of the populations they belong to (within brackets) and the amount 















1 1.77 0.16 (6.4) C208 3 x No. 55-7 4 100.0 (85.0) 3.03 
2 1.22 0.11 (17.1) No. 16082 7 x No. 55-7 4 100.0 (85.0) 1.19 
3 1.12 0.60 (1.7) No. 3725 8 x No. 55-7 4 100.0(85.0) 0.89 
4 1.15 0.14 (11.5) No. 942 10 x No. 55-7 4 100.0 (85.0) 1.20 
5 0.46 0.37 (2.7) NSL 60381 9 x No. 55-7 4 100.0 (85.0) 0.74 
6 0.21 0.67 (3.9) Rubitas 2 x No. 55-7 4 100.0 (85.0) 1.91 
7 6.57 0.92 (7.2) Violetta 1 x No. 55-7 4 100.0 (85.0) 0.13 
8 1.18 0.15 (9.3) Global 3 x No. 6948 1 100.0 (94.3) 0.29 
9 0.17 0.16 (6.44) C208 3 x Fertodi 3 100.0 (81.8) 1.27 
10 0.67 0.58 (12.5) G 21245 8 x Fertodi 3 100.0 (81.8) 1.89 
11 7.28 0.15 (9.3) Global 3 x Fertodi 3 100.0 (81.8) 4.88 
12 3.13 0.11 (17.1) No. 16082 7 x Fertodi 3 100.0 (81.8) 1.45 
13 0.43 0.14 (15.1) No. 942 10 x Fertodi 3 100.0 (81.8) 1.63 
14 4.21 1.00 (2.7) NSL 60381 10 x Fertodi 3 100.0 (81.8) 2.74 
15 0.51 0.67 (3.9) Rubitas 2 x Fertodi 3 100.0 (81.8) 2.93 
We observed only a few weak, poorly growing progeny plants that may have suffered 
from inbreeding depression as a result of self-pollination. As a precaution, these plants 
were eliminated from the trial. Yet it is unlikely that self-pollination occurred, because 
Taylor and Quesenberry (1996) described that pseudo self-compatibility is only 
induced at temperatures above 40°C, which is well above the maximum temperature 
that occurred in our pollination cages in the greenhouse during pollination: 28°C.  
 
6.4.2. Number of major genes involved in clover rot resistance 
Figure 6.4. shows the distributions of plants with disease score 1 to 5 for the progeny 
of each pair cross. The distributions of progeny harvested on each parent are 
represented separately, except for crosses 7 and 9 where only one parent produced 




1: C208 3 (0.16%) x No. 55-7 4 (100.0%) 
 
 
2: No. 16082 7 (0.11%) x No. 55-7 4 (100.0%) 
 
 
3: No. 3725 8 (0.60%) x No. 55-7 4 (100.0%) 
 
4: No. 942 10 (0.14%) x No. 55-7 4 (100.0%) 
 
 
5: NSL 60381 9 (0.37%) x No. 55-7 4 (100.0%) 
 
 
6: Rubitas 2 (0.67%) x No. 55-7 4 (100.0%) 
 
 
7: Violetta 1 (0.92%) x No. 55-7 4 (100.0%) 
 
 
8: Global 3 (0.15%) x No. 6948 1 (100.0%) 
 
 
Figure 6.4: Frequency distribution of the disease scores (1 – 5) in the progeny populations of 
15 pair crosses between ramets of resistant and susceptible genotypes. For each pair cross, 
the disease scores of both parents are indicated between brackets. The segregation patterns 
are given for progeny harvested on the resistant (light grey) and the susceptible (dark grey) 






































































































































1 2 3 4 5 
# plants 
Score 
Heritability of Clover Rot Resistance 
149 
9: C208 3 (0.16%) x Fertodi 3 (100.0%) 
 
 
10: G 21245 8 (0.58%) x Fertodi 3 (100.0%) 
 
11: Global 3 (0.15%) x Fertodi 3 (100.0%) 
 
 
12: No. 16082 7 (0.11%) x Fertodi 3 (100.0%) 
 
 
13: No. 942 10 (0.14%) x Fertodi 3 (100.0%) 
 
 
14: NSL 60381 10 (1.00%) x Fertodi 3 (100.0%) 
 
 





Figure 6.4 (Continued) 
  
8 

























































































































The segregation patterns of the progeny were non discrete, indicating that there was 
more than one resistance gene involved. Four hypotheses on the inheritance of clover 
rot resistance were evaluated with χ
2
-tests. Table 6.3. represents the according p-
values on the F1 progeny from each pair cross for each hypothesis.  
Table 6.3: Ratios of resistant and susceptible plants in the progeny from 15 pair crosses 
between ramets of resistant and susceptible genotypes, followed by the p-values from 
χ
2
-tests on four hypotheses on the inheritance of clover rot resistance for each pair cross 
The segregation patterns of resistant and susceptible plants are indicated for each 















1:1 3:1 1:3 1:7 
1 C208 3 No. 55-7 4 43:149 p < 0.001 p < 0.001 p = 0.40 p < 0.001 
2 No. 16082 7 No. 55-7 4 34:155 p < 0.001 p < 0.001 p = 0.01 p = 0.08 
3 No. 3725 8 No. 55-7 4 24:168 p < 0.001 p < 0.001 p < 0.001 p = 1.00 
4 No. 942 10 No. 55-7 4 21:168 p < 0.001 p < 0.001 p < 0.001 p = 0.51 
5 NSL 60381 9 No. 55-7 4 24:167 p < 0.001 p < 0.001 p < 0.001 p = 1.00 
6 Rubitas 2 No. 55-7 4 31:159 p < 0.001 p < 0.001 p = 0.01 p = 0.13 
7 Violetta 1 No. 55-7 4 33:158 p < 0.001 p < 0.001 p = 0.01 p = 0.05 
8 Global 3 No. 6948 1 59:132 p < 0.001 p < 0.001 p = 0.07 p < 0.001 
9 C208 3 Fertodi 3 60:132 p < 0.001 p < 0.001 p = 0.05 p < 0.001 
10 G 21245 8 Fertodi 3 71:117 p < 0.001 p < 0.001 p < 0.001 p < 0.001 
11 Global 3 Fertodi 3 61:131 p < 0.001 p < 0.001 p = 0.03 p < 0.001 
12 No. 16082 7 Fertodi 3 60:132 p < 0.001 p < 0.001 p = 0.05 p < 0.001 
13 No. 942 10 Fertodi 3 50:142 p < 0.001 p < 0.001 p = 0.74 p < 0.001 
14 NSL 60381 10 Fertodi 3 51:140 p < 0.001 p < 0.001 p = 0.62 p < 0.001 
15 Rubitas 2 Fertodi 3 45:140 p < 0.001 p < 0.001 p = 0.86 p < 0.001 
Hypotheses that explain the resistance through the action of one resistance gene or 
two not-interacting resistance genes are not probable. Hypotheses in which two 
interacting genes or three interacting genes are responsible for clover rot resistance 
are more likely. We found eight F1 populations that may have had two segregating 
resistance genes that interact. Six F1 populations may have had three interacting 
resistance genes. None of the hypotheses matched for cross 10. Disease scores for 
clover rot, of course, are relative and depend on many factors such as the incubation 
time and the temperature course during incubation (see Chapter 3). In this 
experiment, conditions were optimal and disease progressed well, resulting in high 
disease scores at the end of the incubation. Therefore, we considered F1 plants with 
disease score 1 and 2 resistant and plants with score 3, 4 or 5 susceptible.  
Three genotypes were used as susceptible parents in the pair crosses. In crosses 1 and 
9, 2 and 12, 4 and 13, and 6 and 15, No 55-7 4 and Fertodi 3 were crossed with the 
same resistant parents. Among progeny populations with No. 55-7 4 as susceptible 
parent, the most probable number of resistance genes was often three. Yet progeny 
Heritability of Clover Rot Resistance 
151 
populations with Fertodi 3 as susceptible parent had two resistance genes as the most 
likely number, except for cross 10 where none of the hypotheses matched. An 
explanation may be that there are indeed three major resistance genes involved in 
clover rot resistance. In that case, No. 55-7 4 would be recessive for all three 
resistance loci, so that its progeny populations would have three segregating 
resistance genes.  
resistant parent x No.55-7 4  
AaBbCc x aabbcc  
The Fertodi 3 genotype would then be heterozygous for one of the resistance loci (e.g. 
locus A in this example), so that the average progeny has the same phenotype for this 
locus as both parents.  
resistant parent x Fertodi 3  
AaBbCc x Aabbcc  
The theoretical frequency of progeny with dominant alleles present at 0, 1, 2 and 3 
loci was calculated for the progeny populations from both susceptible parents (Figure 
6.5.). The more loci that contain dominant resistance alleles in a certain progeny plant, 
the lower the susceptibility score we expect for that plant. When these predicted 
segregation patterns for progeny populations from No.55-7 4 and Fertodi 3 (Figure 
6.5.) are compared with the observed frequency distributions in Figure 6.3., the 
predicted patterns often bear a remarkable resemblance to the observed patterns. 
Epistasis on one of the resistance loci may be another explanation for the different 
results in both progeny populations.  
 
Figure 6.5: Theoretical frequency of progeny plants with “No 55-7 4” or “Fertodi 3” as 
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In most populations, frequency distributions of the disease scores resembled normal 
distributions, indicating that at least a part of the resistance is conferred by minor 
effect genes. Previous studies have already proposed that clover rot resistance is a 
quantitative trait (Klimenko 2010). Candidate QTLs for clover rot resistance were 
identified on LG3 and LG6 (Klimenko 2010). Our results and those from Klimenko et al. 
(2010) suggest that, most probably, clover rot resistance is controlled by three major 
effect genes and influenced by numerous other minor effect genes.  
We investigated whether clover rot resistance was inherited maternally. In other 
words, did the progeny with the resistant parent as mother have the same segregation 
of disease scores as the progeny with the susceptible parent as mother? Figure 6.2. 
reveals that progeny harvested on either parents often had very similar segregation 
patterns, suggesting that there is no maternal inheritance. In a more detailed analysis, 
the progeny from either parents was subjected to χ2-tests to estimate the most likely 
number of resistance genes involved. Pair crosses 7 and 9 were excluded because only 
seed from one parent was available. The same four hypotheses were evaluated. Again, 
hypotheses with one or two not interacting resistance genes were not likely: p-values 
were never higher than 0.05. Hypotheses with two and three interacting genes were 
more likely. The according p-values are displayed in Table 6.4.  
Table 6.4: p-values from χ
2
-tests for hypotheses on the inheritance of clover rot resistance 
with two or three interacting resistance genes, performed on the progeny from both parents 
from 15 pair crosses between ramets of resistant and susceptible genotypes  





Resistant parent  Susceptible parent 
2 genes 3 genes  2 genes 3 genes 
1 0.01 0.76  0.16 p < 0.001 no 
2 0.15 0.12  0.03 0.35 yes 
3 p < 0.001 0.54  0.02 0.54 yes 
4 p < 0.001 0.76  0.00 0.54 yes 
5 p < 0.001 1.00  p < 0.001 1.00 yes 
6 p < 0.001 0.76  0.35 0.01 no 
8 0.06 p < 0.001  0.48 p < 0.001 yes 
10 0.03 p < 0.001  p < 0.001 p < 0.001 n.a. 
11 0.10 p < 0.001  0.16 p < 0.001 yes 
12 0.24 p < 0.001  0.10 p < 0.001 yes 
13 0.10 p < 0.001  0.24 0.03 yes 
14 0.81 p < 0.001  0.64 p < 0.001 yes 
15 0.47 0.01  0.63 p < 0.001 yes 
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For most progeny populations, the progeny from either parents led to the same result. 
For cross 10, neither of the evaluated hypotheses had a p-value higher than 0.05 for 
either progeny populations. In only 2 out of 13 pair crosses, namely in crosses 1 and 6, 
progeny populations from either parents gave different results. Yet in both progeny 
populations, the offspring with the resistant plant as mother was not more resistant 
than the progeny with the susceptible plant as mother. In fact, rather the contrary was 
true. In other words, there was clearly no maternal inheritance of clover rot resistance 
in our progeny populations. This indicates that resistance genes are most likely located 
on chromosomes and not on mitochondrial or cytoplast genomes. 
We should bear in mind, however, that the results of this study are based on the 
phenotypic analysis of seedlings using a mixture of five isolates in an artificial bio-test. 
This is a good starting point to analyse clover rot resistance in experimental 
populations, but the hypotheses on the inheritance of resistance should be confirmed 
by making crosses between resistant F1 plants. The segregation of the F2 progeny 
should confirm whether there are indeed three major resistance genes involved. To 
confirm and study the genetic background of clover rot resistance in more detail, 
future research should use DNA markers to identify genomic regions associated with 
clover rot resistance. Our F1 progeny populations are suitable as mapping populations 
for a future QTL analysis.  
 
6.4.3. Heritability of clover rot resistance 
The experiments to estimate the heritability are schematically represented in Figure 
6.3. In experiment 1, 5471 plants from our original population (O) were scored: 422 
plants were observed with disease score 1, 2345 plants with score 2, 1988 with score 
3, 576 with score 4 and 140 with score 5. The average DSI of the original population 
(x1) was 39.3%. We selected 422 plants with score 1 and 913 plants with score 2 to 
generate the resistant (R) population. The average DSI of the selected plants (x3) was 
13.7%, so that the selection differential (S) was 25.6% (Table 6.5.). After pollination in 
isolation, 4.39 kg seed was harvested on the selected plants.  
In experiment 2, the resistance levels of the O and the R populations were compared 
(Figure 6.6.): the average DSI of the O population was 44.0%, but the R population was 
significantly more resistant (p < 0.001) with an average DSI of 35.0%. χ
2
-tests indicated 
that the R population contained significantly more resistant plants (p < 0.001): 12% 
more plants with score 1 and 2% more plants with score 2. The fractions of susceptible 
plants were also significantly lower (p < 0.001) in the R population than in the O 
population: 6% lower for score 3, 3% for score 4 and 4% for score 5. In other words, 




The most 30 susceptible plants were selected from the O population to breed the S 
population and the 86 most resistant plants were selected from the R population to 
breed the R² population. The average DSI of the selected susceptible plants from the O 
population was 75.0% (disease score 4), so that the selection differential (S) was 
31.0%. The average DSI of the selected resistant plants from the R population was 
0.0% (disease score 1), so that the selection differential (S) was 35.0% (Table 6.5.). 
Both groups of selected plants were allowed to produce seed in isolation, so that we 
had four populations (S, O, R and R
2
) to compare in experiment 3. The average DSI of 
the four populations and the frequencies of plants with score 1, 2, 3, 4 and 5 in each 
population are represented in Figure 6.7.  
 
Figure 6.6: Frequency of observed disease scores in the original population (O) 
and the first generation resistant population (R) in experiment 2 
 
In experiment 3, the S population (79.2%), the O population (70.5%) and the R 
population (62.3%) differed significantly in susceptibility (p < 0.001). The R
2
 population 
(60.0%) was more resistant than the R population (62.3%), although not significantly (p 
= 0.464). ANOVA indicated a small but significant effect of the tray (p < 0.001), though 
no effect of the row within trays (p = 0.919). This indicates that some trays were more 
heavily infected than other trays, even though inoculation was executed carefully and 
incubation was performed in the same conditions. Fortunately, the tray effect was 
compensated by the randomised design of the populations in the trays and by the 
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Figure 6.7: Average DSI (± SE) of the susceptible population (S), the original population (O) 
 and the first (R) and second (R
2
) generation resistant populations and frequency of plants 
with score 1 to 5 in each population observed in experiment 3 (n = 871) 
Different estimates for the heritability were made. Table 6.5. represents the average 
DSI of each population in the three experiments, along with the average DSI of the 
plants that were selected to breed the other populations. 
Table 6.5. Average DSI of each population (S, O, R and R²) in the three experiments and 
 the average DSI of the plants that were selected to breed the each population 
Exp. Pop. DSI (%) Selection to 




1 O 39.3 R 13.7 25.6 
2 
O 44.0 S 75.0 31.0 
R 35.0 R² 0.0 35.0 
3 
S 79.2    
O 70.5    
R 62.3    
R² 60.0    
From experiments 1 and 2, h
2
 O – R 1 was estimated:  
x1’ = 39.3% and x3 = 13.7%  S = |x3 - x1| = 25.6%  
x1’ = 44.0% and x2 = 35.0%  R = |x2 - x1’| = 11.0%  







=   43 
From experiments 2 and 3, h
2
 S – O was estimated:  
x1’ = 44.0% and x3 = 75.0%  S = |x3 - x1| = 31.0% 
x1’ = 70. % and x2 = 79.2%  R = |x2 - x1’| = 8.7% 

































From experiments 2 and 3, h
2
 R – R² was estimated:  
x1’ = 35.0% and x3 = 0.0%  S = |x3 – x1| = 35.0%  
x1’ = 62.3% and x2 = 60.0%  R = |x2 - x1’| = 2.3%  







=    7 
From experiments 1 and 3, h
2
 O – R 2 was estimated:  
x1’ = 39.3% and x3 = 13.7%  S = |x3 – x1| = 25.6%  
x1’ = 6 . % and x2 = 70.5%  R = |x2 - x1’| = 8. %  






    %
=   3  
Three estimates, h
2
 O – R 1, h
2
 O – R 2 and h
2
 S – O, were found for the first cycle of selection: 
0.43, 0.28 or 0.32. With an average of 0.34, our estimate for h
2
 was low (Falconer and 
Mackay, 1996). In the second generation of selection (h
2
 R – R²), h
2
 was only 0.07. These 
varying results can be explained partly by the different selection pressure that was 
applied in both trials and by the slightly different environmental conditions during 
incubation. Delclos and Duc (1996) found higher heritabilities between 0.50 and 0.70. 
Yet different populations can have different heritabilities for the same traits as gene 
frequencies are often different. Also the conditions in which the bio-test were applied 
by Delclos and Duc (1996) might have been more uniform, so that estimates for h
2
 
were higher (Falconer and Mackay, 1996). Our results indicate that the heritability for 
clover rot resistance is lower than suggested by Delclos and Duc (1996), at least in the 
population that we have studied.  
In the first generation of selection, our high-throughput bio-test increased the DSI by 
8.7% between O and S and decreased it by 8.2% between O and R. When a second 
selection cycle was performed in the R population, the DSI only decreased marginally 
by 2.3%. Smith (1996) found similar results after mass inoculation of red clover plants 
in a high-throughput bio-test on two-week-old plants: after one generation of 
selection, the average disease score decreased from 4.16 to 3.96 on a scale of 5. 
Successive selection cycles barely reduced susceptibility further to 3.95 and 3.87.  
There may be different explanations for the weak response to selection in our trials. 
Our high-throughput bio-test may have left some susceptible plants uninfected, so 
that some selected plants were in fact not resistant, so that response to selection was 
slowed down. Another explanation is that mass selection, as we applied it in our 
heritability experiments, is only suitable for traits with a high heritability (Mackay 
2012; Taylor and Quesenberry, 1996). We found a low heritability for clover rot 
resistance, so mass selection is not a suitable to improve clover rot resistance. Finally, 
our original population may have contained little genetic variation for clover rot 
resistance, so that a plateau was reached after one generation of selection. Time 
might be needed to degrade close linkage disequilibria and release latent genetic 
variation before a further response to selection can take place (Hartl and Clark, 2007).  
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To improve clover rot resistance in red clover populations as efficiently as possible, we 
suggest three solutions: 
1. To make sure that all selected plants are really more resistant than their 
population average, we suggest to apply the high-throughput bio-test twice 
on the same plants. Plants identified as resistant in the first round of infectio 
should be cut, allowed to recover in dry conditions without fungicide 
treatment and re-inoculated after a few weeks. Control plants from the same 
population can be inoculated together with the selected plants to verify 
whether the selected plants are indeed more resistant. There might be an 
effect of systemic acquired resistance, but this is not a problem as the 
objective is just to identify false positives. Another possibility would be to 
evaluate the susceptibility of selected plants with the detached leaf bio-test, 
as suggested by Smith (1996). We would not recommend this though, 
because the detached leaf bio-test is too labour intensive to be used in 
resistance breeding.  
2. Mass selection should not be used to improve clover rot resistance because 
the heritability is too low. Instead, family selection would be a better 
alternative. Red clover families should be evaluated in large numbers (at least 
300 plants per family) and only the best plants from the best families should 
be selected. Strong selection should be done on the family level and selection 
should be continued for two to three generations against a strong selection 
pressure. Polycross selection would be an even better alternative than family 
selection: various ramets from different genotypes could be evaluated in the 
high-throughput bio-test and only the most excellent genotypes could be 
selected. Again, the polycross method is labour intensive, so we do not 
recommend this method for red clover breeding unless family selection is 
shown to be ineffective. This should be tested in future research.  
3. Finally, we suggest that breeding programmes for clover rot resistance start 
from a diverse genepool from different origins. The experimental population 
in our trial may not have been diverse enough to allow substantial progress in 
clover rot resistance. Cultivars and landraces from different genetic 
backgrounds should be included to avoid reaching a plateau during the first 
generations of selection. When a plateau is reached, one should allow a few 




A total of 15 pair crosses were made between ramets of resistant and susceptible 
genotypes from different accessions. The F1 progeny populations were evaluated by 
our high-throughput bio-test. In most F1 populations, the frequency distributions of 
the disease scores resembled normal distributions, indicating that at least a part of the 
resistance was conferred by minor effect genes. Four hypotheses on the inheritance of 
clover rot resistance were evaluated: eight F1 populations may have had two 
interacting resistance genes while six F1 populations may have had three interacting 
resistance genes. Clover rot resistance was not maternally inherited in our progeny 
populations. In other words, clover rot resistance genes are most likely located on 
chromosomes and not on mitochondrial or cytoplast genomes.  
A divergent selection by our high-throughput bio-test was applied on an experimental 
diploid population to evaluate the effect of the bio-test and to estimate the 
heritability. The most resistant plants were selected to produce the next generation: 
the selected population was significantly more resistant by 11.0% than the original 
population. In a next step, a susceptible population was bred from the original 
population and a second generation resistant population was bred from the resistant 
population. In the first generation of selection, our high-throughput bio-test was 
capable to alter the average DSI significantly by 8.7% and 8.2% respectively. When a 
second generation of selection was performed, the DSI only decreased marginally by 
2.3%. This is consistent with previous research (Smith, 1996).  
In the first cycle of selection, the heritability (h
2
) for clover rot resistance was on 
average 0.34, which is lower than previously suggested (Delclos and Duc, 1996). In the 
second generation, h
2
 was only 0.07. Our results indicate a low heritability of clover 
rot resistance.  
Breeding programmes aiming to improve clover rot resistance should make sure that 
all selected plants are really more resistant than their population average, preferably 
by applying the high-throughput bio-test twice on the same plants. Family selection 
should be used to breed for clover rot resistance instead of mass selection. Polycross 
selection would be an even better alternative yet this method is highly labour 
intensive and should be avoided. Finally, resistance breeding should start from 
cultivars and landraces from different genetic backgrounds in order to increase genetic 
variation.  








7.1. General conclusions 
7.1.1. Analysis of genetic diversity in Sclerotinia populations from European red 
clover crops 
We collected 192 Sclerotinia isolates from 25 locations in 12 European countries and 
have studied their genetic diversity and population structure. Previous diversity 
studies were never done on a European scale. Most isolates were obtained from 
infected red clover fields in spring; some isolates were found in red clover seed lots. 
Out of nine culture media that were evaluated to grow Sclerotinia mycelium for DNA 
extraction, potato dextrose broth (PDB) was the most suitable medium. The best 
results were obtained when mycelium cultures were incubated no longer than three 
days under continuous shaking at 175 rpm. Out of seven evaluated DNA extraction 
methods, only the Puregene® kit could extract DNA of sufficient quality in high 
concentrations.  
Mycelial compatibility grouping (MCG) provided a first idea of genetic diversity. 
Among the 192 isolates, 92 groups were identified. In most locations, the majority of 
isolates belonged to 2 or 3 MCGs and the remaining isolates were divided over 
numerous MCGs. On average, 21.4% of the diversity was due to locations and 78.6% of 
the total diversity resided within locations.  
An amplified fragment length polymorphisms (AFLP) analysis provided a more detailed 
insight in the genetic diversity. Various primers with one to two selective nucleotides 
were evaluated. Four primer combinations that revealed maximum polymorphism 
within S. trifoliorum were chosen to screen our entire collection of isolates: Eco+AC 
and Mse+CA, Eco+TG and Mse+CA, Eco+TG and Mse+CT and finally Eco+TG and 
Mse+CC. A total of 582 AFLP loci could be unambiguously scored and 277 loci were 
polymorphic. When a dendrogram of genetic distance between all isolates was 
constructed, two separate groups were distinguished based on the bootstrap values. 
One group contained the S. trifoliorum isolates and the other group the S. sclerotiorum 
and S. minor reference isolates along with the isolates from locations Fr.A and Fr.B, 
later identified as S. sclerotiorum. A genetic structure analysis found no sub-
populations within the S. trifoliorum isolates. Genetic distance between isolates was 
not correlated with geographic distance among S. trifoliorum isolates (p = 0.12), 
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indicating that S. trifoliorum strains are interbreeding continuously over large 
distances, most likely through spread of ascospores or through human assisted 
dispersal of sclerotia in infected seed lots. Among the S. trifoliorum isolates, within-
location variance accounted for 79.2% of the genetic variation and among-location 
variance for 20.8% of the variation. The average fixation index (Fst) for the S. 
trifoliorum isolates was 0.208. Our results in S. trifoliorum are consistent with our MCG 
study and with previous studies in S. trifoliorum (Njambere, 2009).  
Finally, we developed a species specific PCR to distinguish S. trifoliorum from S. 
sclerotiorum, as morphological differentiation between these species is difficult. Out 
of the five housekeeping genes that were evaluated, only the -tubulin gene could be 
amplified successfully and disclosed abundant polymorphisms. New primers TU1, TU2 
and TU3 were designed to discriminate S. trifoliorum from S. sclerotiorum and S. minor 
in one PCR reaction. The isolates from locations Fr.A and Fr.B were S. sclerotiorum, all 
other isolates were S. trifoliorum.  
 
7.1.2. Development of bio-tests to analyse pathogen - plant interactions 
A protocol was optimised for ascospore production. Various culture media were 
evaluated for sclerotia production. A medium containing oatmeal and red clover 
induced numerous, large sized sclerotia that were easily harvested. The most suitable 
method to break the dormancy of the sclerotia was conditioning thoroughly rinsed 
sclerotia in wet vermiculite for 4 weeks at 25 to 30°C, followed by 2 weeks at 4 to 6°C. 
Induction of apothecia was stimulated when sclerotia were incubated during 4 weeks 
in wet vermiculite at 15°C with 12h of 120 µmol m
-2
 fluorescent light per day. 
Ascospores were collected on filter paper by aspiration with a vacuum cleaner and 
stored at -20°C or -80°C for more than one year without significant loss of viability. 
Only at 4°C, viability decreased after one year.  
Two bio-tests were developed for Sclerotinia spp. on red clover. A high-throughput 
bio-test was optimised to select for resistant plants in breeding. Diseased plants are 
scored on a scale from 1 to 5 and the disease severity index (DSI) is calculated. 
Increasing ascospore concentrations between 20 000 and 200 000 spores/ml resulted 
in only slightly higher DSI scores (p = 0.05). There was no significant interaction 
between cultivar and ascospore concentration (p = 0.072). The effect of plant age 
between 4 and 12 weeks on the DSI was very small: at 20 000 spores/ml the DSI 
increased with 0.012% per day of plant age, and no effect was found at 40 000 
spores/ml (p = 0.264). There was no interaction between cultivars and plant age. A 
two week cold treatment at 2°C prior to inoculation lowered the DSI by 13.9% 
(p < 0.001). Our results are consistent with previous researches (Arseniuk, 1989; 
Öhberg, 2008). Final protocols were assembled for inoculation of two to three month 
old plants with ascospores or mycelium fragments.  
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A bio-test on detached leaves was optimised to precisely analyse pathogen – plant 
interactions on multiple leaves from the same genotypes. Four inoculation methods 
were compared: inoculation with a mycelium plug or applying an ascospore 
suspension with a brush, in a small drop or by spraying. The most suitable methods 
were applying a mycelium plug and spraying an ascospore suspension. When leaves 
were spray-inoculated with ascospores, higher ascospore concentrations between 
5000 and 80000 spores/ml resulted in significantly more infection (p < 0.001). The 
leaves’ growth stage had an important effect on the disease development: while new, 
unopened leaves were not susceptible to infection, the youngest, completely opened 
leaves were most suitable for infection. Puncturing of leaves prior to inoculation led to 
significantly more infection (p < 0.001). A final protocol was assembled for the 
inoculation of detached leaves with ascospores and mycelium plugs.  
Finally, the correlation between both bio-tests an field infection was determined. 
Attempts to compare clover rot susceptibility in the field and in our detached leaf bio-
test were unsuccessful due to unfavourable weather conditions. The correlation 
between our high-throughput bio-test and our bio-test on detached leaves was 0.57 (p 
= 0.014). This correlation is fairly low, but this can be explained by the different 
defence mechanisms that are present in detached leaves and entire plants.  
 
7.1.3. Morphological and pathogenic variation among Sclerotinia isolates from 
red clover 
A set of 26 S. trifoliorum and 4 S. sclerotiorum isolates from all sampled locations was 
chosen so that genetic diversity was maximised. In vitro growth speed, sclerotia 
production and secretion of oxalic acid, a pathogenicity factor for Sclerotinia spp., 
were measured for each isolate. Our isolates differed in growth speed (p < 0.001) and 
produced different sizes and mass of sclerotia (p < 0.001). On average, S. sclerotiorum 
isolates grew faster (15.4 mm day
-1
) than S. trifoliorum isolates at 15°C (11.0 mm day
-1
) 
(p < 0.001). Previous studies in S. sclerotiorum also found differences in growth speed 
and sclerotia production (Akram et al., 2008; Li et al., 2008). Our isolates produced 
different amounts of oxalate in vitro (p = 0.023), the same result was found in S. 
sclerotiorum by Li et al. (2008).  
The aggressiveness of our isolates was assessed by the detached leaf bio-test. Intact 
and punctured leaves from three genotypes were used. Aggressiveness differed 
significantly between isolates (p < 0.001) and there was small but significant 
interaction between isolates and genotypes (p = 0.019). Punctured leaves were more 
heavily infected than intact leaves (p < 0.001) but the ranking of isolates according to 
aggressiveness remained similar whether punctured leaves or intact leaves were used 
(p = 0.898). Previous studies on detached leaves also found differences in 
aggressiveness among S. sclerotiorum isolates from sunflower (Durman et al., 2005) 
and S. trifoliorum isolates from red clover (Yli-Mattila et al., 2010). We also compared 
the aggressiveness of our isolates on young plants from five cultivars: isolates differed 
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in aggressiveness (p < 0.001) and, although there was some interaction between 
isolates and cultivars (p = 0.006), no pathotypes were observed. Previous studies on 
young plants also reported different aggressiveness among S. trifoliorum isolates from 
red clover (Marum et al., 1994). S. sclerotiorum isolates were on average more 
aggressive than S. trifoliorum isolates; Pratt and Rowe (1995) found the same result in 
alfalfa.  
Mycelial growth speed was correlated with aggressiveness on young plants (r = 0.467, 
p = 0.009). Durman et al. (2005) found the same correlation in S. sclerotiorum. The 
number of sclerotia produced was negatively correlated with aggressiveness on plants 
(r = -0.464, p = 0.010). Possibly, more aggressive isolates invest energy in 
pathogenicity rather than in long term survival (sclerotia). Secretion of oxalic acid was 
not significantly correlated with aggressiveness on plants (p = 0.270) in contrast to 
previous studies in S. sclerotiorum. As expected, aggressiveness on detached leaves 
was correlated with aggressiveness on plants (r = 0.573, p = 0.001), indicating that 
both bio-tests can be used to estimate aggressiveness of Sclerotinia isolates reliably. 
As our bio-test on detached leaves partly measures the speed of entry in host tissue, 
speed of entry in host tissue might be a fourth factor associated with aggressiveness. 
Therefore, the speed of infection was studied in detail in a microscopic study.  
The infection process of five isolates was studied microscopically on detached leaflets 
from three genotypes. Ascospores from all isolates had germinated after 24h and 
appressorium formation had started. Penetration of host cells had happened 48h after 
inoculation and patches of up to five dead cells became visible after 72h. By 96h after 
inoculation, large regions of multiple host cells had died off. The number of formed 
appressoria per colony and the speed of appressorium formation was similar for the 
five isolates. Surprisingly, aggressive isolates formed significantly shorter mycelia (r = - 
0.90, p = 0.039) and attained more successful penetrations per colony after 48h. 
Possibly, aggressive isolates invest more energy in penetrating the host tissue rather 
than spending energy growing on the surface of the leaf.  
 
7.1.4. Variation in clover rot susceptibility among a diverse collection of red 
clover germplasm 
A collection of over 121 red clover accessions was evaluated in a field trial and clover 
rot susceptibility was determined with the bio-test on detached leaves. A mixture of 
ascospores from local isolates was used as inoculum. Other important traits such as 
branching, growth habit, plant yield, and resistance to rust (Uromyces trifolii), mildew 
(Erysiphe polygoni) and viral diseases were scored on the field. Clover rot susceptibility 
differed among our red clover accessions (p < 0.001). Accessions explained 58.4% of 
the variation in susceptibility while plants within accessions explained 41.6%. Young 
plants of a similar collection of accessions were screened in the high-throughput bio-
test with a mixture of aggressive, European isolates: 4 S. trifoliorum isolates and 1 S. 
sclerotiorum isolate. Accessions differed significantly in clover rot susceptibility (p < 
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0.001) but none of the accessions remained completely healthy. Only 3.3% of the 
variation was due to accessions, while plants within accessions explained 96.7% of the 
total variation. The large genetic diversity within red clover accessions and the high 
numbers of tested plants per accession may explain these figures. This large variation 
in susceptibility among genotypes creates possibilities for resistance breeding.  
The tetraploid cultivars “Tedi” and “Maro” and the diploid landrace “No 292” were 
significantly less susceptible than the other accessions. Cultivars (67.0%) were less 
susceptible than landraces (69.5%) and wild accessions (70.0%), but differences were 
not significant (p = 0.335). Tetraploid cultivars were more resistant than diploid 
cultivars by 11.7% (p < 0.001). This is congruent with previous studies (Boller et al., 
2010; Öhberg et al., 2005; Taylor and Quesenberry, 1996). Clover rot susceptibility was 
not correlated with growth habit (p = 0.189) or branching (p = 0.544). High yielding 
plants were less susceptible to clover rot (r = -0.21, p < 0.001). There was no 
correlation between susceptibility to clover rot, mildew (p = 0.509) and viral disease 
(p = 0.106), yet susceptibility to clover rot and rust disease were negatively correlated 
(r = -0.26, p < 0.001). Cultivars resistant to mildew were equally susceptible to clover 
rot. Three prostrate cultivars with capacity to form auxiliary roots at internodes were 
equally or even more (p < 0.001) susceptible to clover rot. Isoflavone levels were not 
correlated with clover rot susceptibility. Indeed, isoflavones are believed not to 
protect red clover plants against S. trifoliorum (Debnam and Smith, 1976; Macfoy and 
Smith, 1979).  
 
7.1.5. Heritability of clover rot resistance 
To acquire an idea on the number of genes involved in clover rot resistance, 15 pair 
crosses were made between ramets of resistant and susceptible red clover genotypes 
from different origins. The segregation of clover rot resistance among the progeny 
populations was studied. Segregation ratios suggested that three major resistance 
genes were present, although clover rot resistance is most likely affected by various 
minor effect as well. Clover rot resistance was not maternally inherited.  
Divergent selection by the high-throughput bio-test was applied on an experimental 
population. One generation of selection was performed for susceptibility and two 
successive generations for resistance. In the first generation of selection, our high-
throughput bio-test could significantly alter the resistance level by 8.7% and 8.2% 
respectively. A second generation of selection only increased the resistance level 
marginally by 2.3%. This is consistent with previous research (Smith, 1996). In the first 
cycle of selection, the heritability h
2
 was 0.43, 0.28 or 0.32, depending on the 
experiment. On average, h
2
 was 0.34 in the first generation of selection. In the second 
generation, h
2
 was only 0.07. Our estimations for h
2
 are lower than previously 
suggested (Delclos and Duc, 1996).  
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The fact that h
2
 had changed in the second generation of selection may indicate that 
clover rot resistance is more a qualitative trait rather than a highly quantitative trait 
(Falconer and Mackay, 1996). In other words, this supports our estimation of three 
major genes for clover rot resistance.  
 
 
7.1.6. General conclusion 
The knowledge obtained in our research may be very useful for resistance breeding. 
Because there were no subpopulations among European Sclerotinia isolates and 
because the interaction between genotypes and isolates was small, the influence of 
the Sclerotinia isolate on the development of clover rot is expected to be low. When 
resistance breeding is performed, artificial inoculations with different isolates are 
likely yield similar results. The plant genotype, on the other hand, probably has a more 
important influence on the disease development. Indeed, the plant yield, the ploidy 
level and the type of germplasm (cultivar, landrace or wild accession) had an 
important influence on the development of clover rot. Finally, environmental 
conditions and physiological responses of red clover plants to these conditions 
probably play an even more important role than the plant genotype in the 
development of clover rot. For example, the temperature during incubation of 
infected plants played a major role in the disease development. Also, plants that were 
cold treated prior to inoculation (Chapter 3) were able to slow infection down in 
response to environmental conditions.  
Selection by the high-throughput bio-test on young plants altered the resistance level 
of our experimental populations. Therefore, our high-throughput bio-test is a valuable 
selection tool in resistance breeding. We suggest that it is applied twice on the same 
plants to make sure that all selected plants are indeed more resistant. As the 
heritability of clover rot resistance was low, mass selection is not a good method to 
improve clover rot. Instead, family selection or polycross selection against a strong 
selection pressure would be more suitable breeding methods.  
Our evaluated red clover accessions differed in resistance against clover rot, but no 
completely resistant accessions were found. Therefore, it is difficult to allocate sources 
of resistance for breeding purposes. Probably, the best way to improve clover rot 
resistance is to select recurrently for resistant plants among diverse diploid or 
tetraploid cultivars and landraces from different genetic backgrounds. Although there 
is room for progress, complete resistance may never be achieved. When a plateau is 
reached after several generations of selection, a few generations of recombination are 
needed to degrade linkage disequilibrium. Chromosome doubling (tetraploidisation) of 
diploid populations with a higher resistance level can provide an additional level of 
protection against clover rot.  
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Clover rot resistance may be determined by three major quantitative resistance loci 
(QRLs), along with various minor effect QRLs. A part of clover rot resistance may be 
situated at the level of entry into the host tissue. The fact that differences in 
susceptibility between genotypes could no longer be detected on punctured leaves 
inoculated with ascospores, together with the fact that aggressive isolates attained 
more successful penetrations after 48h both point in this direction.  
Despite the possibilities for resistance breeding, attention should be paid to other 
techniques that prevent clover rot. As in many crops, crop rotation and spring sowing 
remain the most effective prevention measures. Currently, these methods are more 
effective than the use of cultivars with lower susceptibility. Infected fields should be 
ploughed instantly in order to bury sclerotia beyond their germination depth and 





7.2. Future objectives and perspectives for future research 
This thesis opens perspectives for further research. The AFLP primers that were 
developed for S. trifoliorum can be used to screen more isolates. For example, the 
genetic diversity among S. trifoliorum strains from different host crops such as white 
clover, alfalfa, pea and common bean could be studied using our AFLP primers. 
Although we found no population structure among S. trifoliorum isolates from red 
clover, subpopulations might be present between S. trifoliorum isolates from different 
host crops. 
Sclerotinia isolates differed in aggressiveness and an analysis of the infection process 
suggested that aggressive isolates invest more energy in penetrating the host tissue 
rather than spending energy growing on the surface of the leaf. More research would 
be needed to investigate how aggressive isolates can penetrate more cells with an 
equal number of appressoria. In other words, why do the appressoria of aggressive 
isolates have a higher success rate? Possibly, the higher success rate of penetration in 
aggressive isolates is due to a different mechanism of host cell recognition or host cell 
infection. In that case, resistance to these isolates may be based on other resistance 
genes or QLRs, and resistance breeding should include aggressive isolates as well as 
less aggressive isolates to provide protection against a broad spectrum of Sclerotinia 
isolates.  
We have shown that collected ascospores can be stored for more than one year while 
viability remains high. In the future, viability should be measured during longer 
periods to determine the shelf life of ascospores. Ascospore production should also be 
optimised for S. sclerotiorum isolates from red clover crops, as this species can also 
cause clover rot in red clover. Various protocols have been described for ascospore 
production in S. sclerotiorum (Dillard et al., 2001), but our attempts to produce S. 
sclerotiorum ascospores were not successful until now.  
Our high-throughput bio-test is a valuable tool for breeding programmes. We will 
continue to use it in the ILVO breeding programme and in future research. We suggest 
to apply our high-throughput bio-test at the beginning of each selection cycle. 
However, if infrastructure is limiting, the bio-test would be most useful in the first 
cycle of selection when the genetic diversity is largest. Successive applications in the 
second and third cycle will increase homozygocity for major QRLs. Future research 
should design an optimal breeding scheme to improve clover rot resistance by means 
of the high-throughput bio-test, along with other important traits. Selection for clover 
rot resistance must leave sufficient genetic variation to allow the necessary progress in 
other important traits such as resistance to rust disease, plant vigour and seed yield.  
Although we found no pathotypes among Sclerotinia isolates from red clover, the 
effect of the isolate in resistance breeding remains largely unknown. Some interaction 
between Sclerotinia isolates and genotypes or cultivars was present, suggesting that 
there is an influence of the isolate in resistance breeding. Does screening with one S. 
trifoliorum isolate result in resistance against all other S. trifoliorum isolates? The 
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answer to this question might be similar as observed in previous studies, such as the 
EUCARPIA multi-site crown rust evaluation on ryegrasses (Schubiger et al., 2007; 
Schubiger et al., 2010). In these trials, 33 perennial, 15 Italian and 3 hybrid ryegrass 
cultivars were evaluated at 24 sites in 11 European countries for resistance to crown 
rust (Puccinia coronata) in field conditions. Crown rust susceptibility of Italian and 
hybrid ryegrass cultivars was significantly different among sites, just as we found for 
clover rot susceptibility in red clover cultivars. Yet despite the interaction between 
cultivars and sites, the correlation between the susceptibility at particular sites and 
the average susceptibility at all sites was significant for all but a few cases in the three 
ryegrass species. Moreover, the ranking of cultivars according to average crown rust 
susceptibility was highly similar in four trial years between 2001 and 2010 (Schubiger 
et al., 2007; Schubiger et al., 2010). In other words, the resistance level of ryegrass 
cultivars to crown rust remained more or less the same when evaluated against 
different isolates in different environmental conditions. Godoy et al. (2005) found 
similar results in resistance to white mould (S. sclerotiorum) among 47 sunflower 
hybrids. Hybrids showed different levels of resistance in different environments. 
However, the ranking of genotypes did not significantly change from one location to 
another because the differential responses were only a matter of scale. This type of 
genotype - environment interaction is known as non-crossed or quantitative 
interaction. Our results indicate that the same may be true for clover rot resistance in 
red clover.  
As two Sclerotinia species cause clover rot in red clover, the same question can be 
asked for the two species: does selection for resistance against S. trifoliorum also 
confer resistance to S. sclerotiorum? Results of Pratt and Rowe (1995) indicate that 
responses to both pathogens are similar in alfalfa and that selection to S. trifoliorum 
may also confer resistance to S. sclerotiorum. Moreover, the host of origin would not 
be an important determinant for the virulence of Sclerotinia isolates on alfalfa (Pratt 
and Rowe, 1995). Our results showed similar responses of red clover to both 
pathogens, possibly indicating that selection against one Sclerotinia pathogen may 
confer resistance to the other, although more research would be needed to prove this 
hypothesis. It would be interesting to set up a European scale multi-site evaluation for 
clover rot on various red clover cultivars. Such study would allow to investigate the 
interactions between clover rot resistance, local isolates from both Sclerotinia species 
and environmental conditions on a European scale.  
Our study indicated that environmental conditions may play a key role in clover rot 
resistance. For example, a cold treatment prior to inoculation decreased susceptibility 
to clover rot in our study. Probably, a cold treatment induces the production of 
proteins with a dual function in plant defence and cold tolerance. More research 
should be done in this direction. When selecting for winter hardiness in the field, one 
partly selects for clover rot resistance, because clover rot is one of the factors 
weakening plants in wintertime. In other words, plants with a good resistance to 
clover rot are favoured in winter hardiness but the question remains whether plants 
with higher winter hardiness are also more resistant to clover rot.  
Chapter 7 
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Analysis of segregation ratios in progenies of pair crosses between resistant and 
susceptible genotypes suggest that clover rot resistance is determined by three major 
effect QLRs and numerous minor effect QLRs. Future research should confirm this 
hypothesis by making crosses between resistant F1 plants. The segregation of the F2 
progeny should confirm whether there are indeed three major QLRs involved. We 
have estimated h
2
 in an experimental diploid population containing European cultivar 
germplasm. Future research should estimate h
2
 in other populations, as it may be 
different. Until now, no estimates for h
2
 are available for tetraploid populations. It is 
unclear if the heritability would be similar in tetraploid cultivar germplasm. As the 
genetic diversity might be lower in tetraploids, the heritability may be lower as well.  
To localise possible QRLs in the genome, the progeny populations from our pair 
crosses between resistant and susceptible plants can be used as mapping populations 
for a quantitative trait loci (QTL) study. A linkage map with SSR (simple sequence 
repeat) markers is already available for red clover (Sato et al., 2005), and a QTL study 
may allow the detection of QRLs. Until now, the genome of red clover has not been 
sequenced. Sequencing the genome of red clover may allow the identification of even 
more QRLs through sequence homology with related Fabaceae species. At least a part 
of the resistance to clover rot may be situated at the level of entry in host tissue. 
Future research should investigate this possibility in more detail.  
We found that tetraploids were more resistant than diploids, yet it largely remains 
unclear why. It would be interesting to investigate exactly why tetraploids are more 
resistant than diploids.  
Finally, in this thesis we focussed on disease resistance as a means to limit damage by 
clover rot. Yet the decreasing heritability of clover rot resistance after successive 
generations of selection and the major influence of environmental conditions on the 
disease development may indicate that complete resistance to clover rot can never be 
achieved. Instead, other methods to control clover rot may be more effective than the 
use of resistant cultivars. Future research should investigate integrated control 
strategies for clover rot, rather than focussing on resistance breeding only. The 
feasibility to use methods such as biocontrol agents (Contans® WG) and biofumigation 
to control clover rot should be investigated. Previous studies reported suppressed 
growth of S. sclerotiorum in the presence of organic residues of cabbage (Brassica 
oleracea) (Li et al., 2006) and Indian mustard (Brassica juncea) (Larkin and Griffin, 
2007). Crop rotation with cabbage and mustard crops and mixing their organic 
residues in the soil may help to prevent clover rot in subsequent red clover crops, but 
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Red clover (Trifolium pratense L.) is a perennial forage crop grown in mixture with 
grasses or as a pure stand. It is valued for its nitrogen fixation capacity, benefits in 
organic farming, high quality forage, and beneficial effects on the soil structure. 
However, the lack of persistence is a major problem in red clover and the lack of 
winter hardiness and diseases are the most important reasons. Clover rot (clover 
cancer or Sclerotinia crown and root rot) is an important disease in European red 
clover crops, caused by the ascomycete fungi Sclerotinia trifoliorum Erikks. or 
Sclerotinia sclerotiorum Lib. de Bary, Clover rot is difficult to control because its 
development is highly dependent on weather conditions. Moreover, resistance 
breeding is hampered by the lack of useable bio-tests and by the lack of knowledge on 
the genetic and phenotypic variation among Sclerotinia isolates. In this context, the 
objectives of this thesis were to analyse the phenotypic and genetic diversity among 
Sclerotinia populations from European red clover crops, to construct bio-tests for 
Sclerotinia, to identify possible sources of resistance and factors related with 
resistance, and to acquire insight in the heritability of clover rot resistance. 
In the first part of this dissertation the focus was on the genetic diversity among a 
collection of 192 Sclerotinia isolates from 25 locations in 12 European countries. 
Mycelial compatibility grouping provided a first idea of genetic diversity, while an AFLP 
study disclosed the genetic diversity in more detail. Two Sclerotinia species were 
present on red clover: S. trifoliorum was found in most locations while S. sclerotiorum 
was found in locations Fr.A and Fr.B. Genetic differences were found among isolates 
between and within locations, but there were no subpopulations and genetic distance 
was not correlated with geographic distance. Within-location variance accounted for 
79.2% and among location variance for 20.8% of the genetic variation within S. 
trifoliorum isolates, indicating that the degree of population differentiation is low. A 
species specific PCR based on the -tubulin gene was constructed to quickly 
discriminate between S. trifoliorum and S. sclerotiorum.  
Bio-tests were developed for Sclerotinia on red clover. First, ascospore production for 
S. trifoliorum was optimised. A high-throughput bio-test was optimised: young plants 
are inoculated a with suspension of ascospores or mycelium fragments and incubated 
on an ebb and flow table covered with an opaque plastic cap. The disease is scored on 
a scale from 1 to 5 after incubation at 15°C during 10 days for mycelium fragment 
inoculation and 14 days for ascospore inoculation. Additionally, we constructed an in 
vitro bio-test on detached leaves to analyse plant - pathogen interactions more 
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precisely. Leaves are incubated on 0.5% water agar, inoculated with a mycelium plug 
or by spraying an ascospore suspension and the percentage of leaf damage is 
calculated after incubation. Both bio-tests were fairly correlated.  
The phenotypic variation was studied among a sub collection of 30 Sclerotinia isolates. 
Mycelial growth rate, production of sclerotia and secretion of oxalate were measured 
and aggressiveness was assessed by both bio-tests. Growth rate, sclerotia production, 
oxalate production and pathogenicity according to both bio-tests differed between 
isolates. While fast growing isolates and isolates that were aggressive on detached 
leaves were more aggressive on plants, isolates that produced numerous sclerotia 
were less aggressive. A microscopic analysis of the infection process disclosed that the 
speed of ascospore germination was similar among isolates, yet aggressive isolates 
grew shorter secondary mycelia and attained more successful penetrations after 48h.  
To identify possible sources of resistance in red clover germplasm, a diverse collection 
of over 121 red clover accessions was screened. Plants were evaluated in the field and 
susceptibility to clover rot was determined. Accessions differed significantly in 
susceptibility to clover rot but no completely resistant accessions were found. 
Isoflavone levels, branching, growth habit and resistance to mildew and virus disease 
did not affect clover rot susceptibility. High yielding plants and plants susceptible to 
rust were more resistant to clover rot. Tetraploid cultivars were less susceptible by 
11.7% than diploid cultivars. Cultivars were generally less susceptible than landraces 
and wild accessions. Two tetraploid cultivars and one diploid landrace were 
significantly more resistant. Cultivars and some landraces from both ploidy levels may 
be the most suitable sources of resistance. 
In a final part, the inheritance of clover rot resistance was investigated. Analysis of 
segregation ratios in progenies from 15 pair crosses between ramets of resistant and 
susceptible genotypes suggested that clover rot resistance was conferred by three 
major quantitative resistance genes, while at least a part of the resistance was 
conferred by minor effect genes. Clover rot resistance was not maternally inherited. 
To estimate the heritability of clover rot resistance, we applied divergent selection by 
the high-throughput bio-test on an experimental population. Our high-throughput bio-
test altered the resistance level in both directions in the first generation of selection, 
but only marginal progress was made in the second generation. The heritability was on 
average 0.34 in the first cycle of selection and 0.07 in the second cycle of selection.  
The insights obtained during this research offer a basis for resistance breeding. The 
influence of isolates in resistance breeding is expected to be small. Allocating sources 
of resistance is difficult, yet recent cultivars and landraces from different genetic 
backgrounds may be the most suitable. Mass selection is ineffective, yet successive 
cycles of family selection against a strong selection pressure may increase clover rot 
resistance. Tetraploidisation of diploid populations may provide an additional level of 
protection. Finally, attention should be paid to other ways of controlling clover rot, 
such as culture techniques and biocontrol agents, as they may prevent the disease 








Rode klaver (Trifolium pratense L.) is een meerjarig voedergewas geteeld in mengteelt 
met grassen of in reincultuur. Het wordt gewaardeerd omwille van zijn stikstoffixatie, 
zijn nut in de biologische landbouw, zijn hoge kwaliteit als ruwvoer en zijn gunstige 
effecten op de bodemstructuur. Rode klaver heeft echter een lage persistentie, 
voornamelijk door ziekten en een gebrek aan wintervastheid. Klaverrot (klaverkanker 
of Sclerotinia kroon- en wortelrot) is een belangrijke ziekte in Europese rode klaver 
gewassen die wordt veroorzaakt door de ascomycete schimmel Sclerotinia trifoliorum 
Erikks. of Sclerotinia sclerotiorum Lib. de Bary. De bestrijding van klaverrot is moeilijk 
omdat de ontwikkeling sterk afhankelijk is van weersomstandigheden. Resistentie-
veredeling wordt vertraagd door het gebrek aan bio-toetsen en onvoldoende kennis 
i.v.m. de genetische en fenotypische variatie tussen Sclerotinia isolaten. In deze 
context waren de doelstellingen van deze thesis het analyseren van de fenotypische 
en genetische variatie in Sclerotinia populaties van Europese rode klaver gewassen, 
het opstellen van bio-toetsen voor Sclerotinia, het identificeren van mogelijke 
resistentiebronnen en factoren gerelateerd aan resistentie en het verwerven van 
inzicht in de overerfbaarheid van klaverrot resistentie.  
In een eerste deel werd de genetische diversiteit onderzocht in een verzameling van 
192 isolaten uit 25 locaties in 12 Europese landen. Mycelium compatibiliteitstesten 
gaven een eerste idee van de diversiteit, terwijl een AFLP studie meer gedetailleerde 
resultaten opleverde. Twee Sclerotinia species werden gevonden: S. sclerotiorum werd 
gevonden in locaties Fr.A en Fr.B en S. trifoliorum was aanwezig in alle andere locaties. 
Hoewel er zowel binnen als tussen locaties genetische verschillen waren tussen 
isolaten, waren er geen subpopulaties en was genetische afstand niet gecorreleerd 
met geografische afstand. In S. trifoliorum isolaten zat 79,2% van de genetische 
variatie tussen locaties en 20,8% binnen locaties, wat duidt op een lage graad van 
populatie differentiatie. Een soortspecifieke PCR gebaseerd op het -tubuline gen 




In een tweede luik werden bio-toetsen opgesteld voor Sclerotinia op rode klaver. Het 
produceren van S. trifoliorum ascosporen werd geoptimaliseerd. Vervolgens werd een 
high-throughput bio-toets opgesteld: jonge planten worden geïnoculeerd met een 
suspensie van ascosporen of myceliumfragmenten en geïncubeerd in vochtige 
condities bij 15°C. De ziekte wordt gescoord van 1 tot 5, 10 dagen na inoculatie met 
myceliumfragmenten of 14 dagen na inoculatie met ascosporen. Daarnaast werd een 
in vitro bio-toets op geïsoleerde blaadjes opgesteld om plant - pathogeen interacties 
nauwkeuriger te bestuderen. Blaadjes op 0,5% water agar worden geïnoculeerd met 
een myceliumplug of door verneveling van ascosporen en het geïnfecteerd 
bladaandeel wordt berekend na incubatie. Beide bio-toetsen waren redelijk 
gecorreleerd.  
De fenotypische variatie werd bestudeerd bij een subcollectie van 30 isolaten. De 
groeisnelheid van het mycelium, de sclerotenproductie en de secretie van oxalaat 
werden gemeten en de pathogeniteit werd bepaald met beide bio-toetsen. Groei-
snelheid, productie van sclerotia, oxalaat secretie en pathogeniteit verschilden tussen 
isolaten. Isolaten die snel groeiden en isolaten die agressief waren op geïsoleerde 
blaadjes waren agressiever op planten. Isolaten die veel scleroten produceerden 
waren minder agressief. Een microscopische analyse van het infectieproces toonde 
aan dat sporen van agressieve isolaten even snel kiemen, maar dat agressieve isolaten 
kortere secundaire mycelia vormen en meer succesvolle penetraties bekomen na 48u. 
Om mogelijke bronnen van resistentie op te sporen in rode klaver materiaal werd een 
diverse collectie van ruim 121 rode klaver rassen getest. De planten werden 
geëvalueerd op het veld en de vatbaarheid voor klaverrot werd bepaald. De rassen 
verschilden in vatbaarheid voor klaverrot, maar geen enkel ras was volledig resistent. 
Het isoflavongehalte, de vertakking, groeihabitus en resistentie tegen meeldauw en 
virus hadden geen invloed op vatbaarheid aan klaverrot. Opbrengst en vatbaarheid 
voor roest waren negatief gecorreleerd met vatbaarheid aan klaverrot. Tetraploïde 
cultivars waren 11.7% minder vatbaar dan diploïde cultivars en cultivars waren minder 
vatbaar dan landrassen en wilde populaties. Twee tetraploïde cultivars en één diploïd 
landras waren significant resistenter. Cultivars en sommige landrassen van beide 
ploïdieniveau’s zijn de meest geschikte bronnen van resistentie.  
In een laatste deel werd de erfelijkheid van klaverrot resistentie onderzocht. Een 
analyse van de segregatiepatronen in nageslacht van 15 paarkruisingen tussen stekken 
van resistente en vatbare genotypen suggereerde dat klaverrot resistentie bepaald 
werd door drie major effect genen, hoewel tenminste een deel van de resistentie 
werd veroorzaakt door meerdere genen met klein effect. Klaverrot werd niet 
maternaal overgeërfd. Om de erfelijkheid van klaverrot resistentie te bepalen hebben 
we divergente selectie toegepast op een experimentele populatie. In de eerste 
generatie kon onze high-throughput bio-toets het resistentieniveau wijzigen in beide 
richtingen, maar in de tweede generatie werd amper vooruitgang gemaakt. De 




De inzichten verkregen tijdens dit onderzoek vormen een basis voor resistentie-
veredeling. We verwachten een kleine invloed van isolaten in resistentieveredeling. 
Het aanwijzen van resistentiebronnen is moeilijk, maar recente cultivars en sommige 
landrassen van diverse genetische achtergronden zijn misschien het meest geschikt. 
Massaselectie is niet effectief, maar opeenvolgende cycli van familieselectie aan een 
hoge selectiedruk zouden klaverrot resistentie kunnen verhogen. Het tetraploïd 
maken van diploïde populaties kan een extra niveau van bescherming bieden. 
Tenslotte mag men manieren om de klaverrot te voorkomen, zoals teelttechnische 
technieken en biologische bestrijdingsmiddelen, niet uit het oog verliezen. Deze 
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